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JET INJECTIONS FOR OPTIMUM M I X I N G  IN  PIPE FLOW 
I n  o rde r  t o  mix an a d d i t i v e  o r  a  t r a c e r  w i t h  t h e  f l u i d  f low ing  i n  a  
pipe, i t  may be d e s i r a b l e  t o  avo id  t h e  energy r e q u i r e d  and t h e  p o s s i b l e  
maintenance problems f o r  m ixers  o r  o b s t r u c t i o n s  i n  a  p i p e  and t o  avo id  
t h e  r e l a t i v e l y  l ong  f l o w  l e n g t h  r e q u i r e d  f o r  ambient m ix ing .  Then, 
i t  may be advantageous t o  i n j e c t  t h e  a d d i t i v e  as a  j e t  i n t o  t h e  p i p e  
f low and t o  use  t h e  assoc ia ted  j e t  m i x i ng  t o  enhance t h e  o v e r a l l  m i x i n g  
process. Labora to ry  exper iments were conducted t o  determine t h e  r a t e s  
of m i x i n g  w i t h  a  s i n g l e  j e t  i n j e c t i o n  made a t  t h e  p i p e  w a l l  a t  va r i ous  
angles r e l a t i v e  t o  t h e  p i p e  w a l l  and w i t h  two d i a m e t r i c a l l y  opposed 
j e t s .  For u n i f o r m  p i p e  f low,  i t  was p o s s i b l e  t o  i d e n t i f y  an optimum 
momentum f o r  each ang le  o f  i n j e c t i o n .  A  few experiments w i t h  induced 
s w i r l  i n  t h e  p i p e  f l o w  showed t h a t  t h e  s w i r l  had a  s i g n i f i c a n t  e f f e c t  
on t h e  j e t  mix ing,  e s p e c i a l l y  when two j e t s  were used. 
F i t z g e r a l d ,  Steven D. and Ho l ley ,  Edward R. 
JET INJECTIONS FOR OPTIMUM M I X I N G  I N  PIPE FLOW 
Research Report  No. 144, Water Resources Center, U n i v e r s i t y  o f  I 1  1  i n o i s ,  
December, 1979, Urbana, IL ,  89 p. 
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measurement ldi l  u t i o n  method. 
1. INTRODUCTION 
1  .1 PROBLEM DEFINITION 
The m ix i ng  o f  a  m i s c i b l e  substance w i t h  wate r  f l o w i n g  i n  t h e  p i p e l i n e  
i s  o f t e n  p a r t  o f  a  chemical and/or b i o l o g i c a l  wa te r  t rea tment  process. Sorne 
examples i n c l u d e  t he  c h l o r i n a t i o n  o f  wa te r  supp l i es  and o f  wastewaters f o r  
water  qua1 i t y  c o n t r o l  purposes, t h e  a d d i t i o n  of b i oc i des  t o  therr r~a l  power 
p l a n t  c o o l i n g  water ,  t h e  a d d i t i o n  o f  s c a l e  and c o r r o s i o n  i n h i b i t o r s ,  and t h e  
m ix i ng  o f  polymer g e l s  i n  wate r  t o  ach ieve an op t ima l  h y d r a u l i c  f r a c t u r i n g  
1  i q u i d  f o r  t h e  development of 011 w e l l s .  Another example n o t  r e l a t e d  t o  
changing t h e  c h a r a c t e r i s t i c s  o f  t h e  wate r  i s  t h e  d i l u t i o n  method o f  measuring 
d ischarge  i n  a  p i p e  by i n j e c t i n g  a  t r a c e r  a t  a  cons tan t  r a t e  i n t o  t h e  f low 
and measuring t h e  t r a c e r  concen t ra t i on  downstream o f  t h e  i n j e c t i o n ,  The d i -  
l u t i o n  method i s  p a r t i c u l a r l y  use fu l  f o r  s i t u a t i o n s  where t h e  f l o w  cannot be 
i n t e r r u p t e d  o r  head losses need t o  be minirr~ized. S i r n i l a r  types o f  problems 
e x i s t  i n  gas f lows .  
Convent ional  m i x i ng  dev ices such as ba tch  mixers ,  rr lot ionless mixers  
(e.g. f i x e d  blades i n  a  p i p e  l i n e ) ,  pumps, o r i f i c e s ,  va lves,  e t c .  a re  used 
e x t e n s i v e l y  i n  many operat ions.  However t h e i r  use may r e q u i r e  a  d i s r u p t i o n  
o f  t h e  f low o r  cause a  s u b s t a n t i a l  head l o s s  (excep t  w i t h  t h e  pump, o f  course) .  
The c o s t  o f  s u p p l y i r ~ g  t h e  energy t o  a g i t a t e  t h e  f l u i d  and overcome t h e  head 
losses,  t h e  t ime  spent w a i t i n g  f o r  t h e  substar~ces t o  mix, and t h e  c o s t  o f  t h e  
m ix i ng  dev ices war ran t  t he  i n v e s t i g a t i o n  of  a l t e r n a t i v e  m ix i ng  methods. 
One v i a b l e  a l t e r n a t i v e  i s  t o  use t h e  p i p e l i n e  as a  m ix i ng  chamber 
by i n j e c t i n g  t h e  substance i n t o  t h e  p i pe  f l ow .  The method I s  sometimes 
r e f e r r e d  t o  as p i p e - f l o w  mix ing,  i n - 1  i n e  rrtixing, o r  m i x i ng -on - the - f l y ,  I n  
s l tua t l ' ons  where enough p i p e  l e n g t h  l's a v a i l a b l e  and h e r e t h e  speed w i t h  
which m i x i n g  i s  accomplished i s  n o t  impo r tan t ,  t h e  n a t u r a l  t u rbu lence  o r  
ambient m i x i n g  i n  a  p i p e  f low can u l t i m a t e l y  p r o v i d e  complete m ix ing .  Sec t i on  
2.2 g ives  some i n fo rma t i on  on t h e  d i s t a n c e  r e q u i r e d  t o  ach ieve a  c e r t a i n  degree 
of m i x i n g  i n  such s i t u a t i o n s .  T h i s  research  was d i r e c t e d  toward those s i t u -  
a t i o n s  i n  which more r a p i d  m i x i n g  i s  r e q u i r e d  and, more s p e c i f i c a l l y ,  toward 
use o f  j e t  i n j e c t i o n s  t o  p r o v i d e  i n i t i a l  m i x i n g  and thereby  t o  hasten t h e  
m i x i ng  process. Wi th  i n i t i a l  j e t  m i x i ng ,  t h e  f low d i s t a n c e  r e q u i r e d  t o  ach ieve 
a  c e r t a i n  degree of m i x i n g  i s  a  f unc t i on  of b o t h  t h e  i n i t i a l  m i x i n g  assoc ia ted  
w i t h  t h e  method of i n j e c t i o n  and t h e  ambient m i x i n g  governed by t h e  ambient 
f l o w  c h a r a c t e r i s t i c s .  The r e g i o n  where i n i t i a l  m i x i n g  i s  predominant i s  r e -  
f e r r e d  t o  as t h e  i n i t i a l  m i x i n g  zone. L ikew ise ,  t h e  r e g i o n  downstream o f  t h e  
i n i t i a l  m i x i ng  zone i s  r e fe r red  t o  as t h e  ambient m i x i n g  zone. 
I n j e c t i o n  systems w i t h  j e t s  o r i g i n a t i n g  a t  t h e  p i p e  w a l l  were t h e  
s u b j e c t  of t h i s  i n v e s t i g a t i o n  because t h e  i n i t i a l  m i x i n g  i s  g r e a t l y  enhanced 
by t h e  j e t  and many problems assoc ia ted  w i t h  conven t iona l  m ixers  a re  min imized.  
I f  t h e  i n j e c t i o n  tube  i s  a t  t h e  p i p e  w a l l  and does n o t  p r o t r u d e  a  s i g n i f i c a n t  
d i s t a n c e  i n t o  t h e  p i p e  f l ow ,  a  j e t  i n j e c t i o n  system can be i n s t a l l e d ,  mainta ined,  
and operated w i t h  minimal i n t e r r u p t i o n  o f  t h e  f low and p i p i n g  system and t h e r e  
a re  no concerns about  s t r u c t u r a l  problems o r  f l ow- induced  v i b r a t i o n s  s i nce  t h e r e  
a re  no s t r u t s  o r  tubes ex tend ing  i n t o  t h e  p ipe .  A lso,  t h e  l o s s  o f  t o t a l  energy 
i n  t h e  ambient f l o w  due t o  t h e  j e t  i n j e c t i o n  i s  u s u a l l y  n e g l i g i b l e  when compared 
t o  t h e  energy requi rements  f o r  o p e r a t i o n  o f  a ba tch  m i x e r  o r  t h e  energy l o s t  
by p l a c i n g  mot ion less  m ixers  i n  t h e  l i n e .  Thus, w i t h  an i n j e c t i o n  system 
w i t h  j e t s  o r i g i n a t i n g  a t  t h e  w a l l ,  r a p i d  m i x i n g  can be ach ieved w i t h o u t  
i n t e r r u p t i n g  t h e  ambient f l o w  o r  s u b s t a n t i a l l y  r educ ing  t h e  energy i n  t h e  
ambient f l o w .  
For  t h i s  l a b o r a t o r y  study, t h e  i n j e c t e d  f l u i d  o r  a d d i t i v e  i s  r e f e r r e d  t o  
as a  t r a c e r .  The m i x i n g  d i s t ance  i s  t h e  f l o w  d i s t a n c e  f rom t h e  p o i n t  o f  
i n j e c t i o n  t o  t h e  p o i n t  where t h e  v a r i a t i o n  i n  concen t ra t i on  over  t h e  cross 
s e c t i o n  i s  sorrle sr r~a l l  , s p e c i f i e d  arnount. The express ion "optimum" i s  used 
t o  r e f e r  t o  those c h a r a c t e r i s t i c s  which r e s u l t  i n  t h e  rr~ost r a p i d  m ix i ng  f o r  
a  g i ven  t ype  of j e t  i n j e c t i o n .  
1.2 RESEARCH OBJECTIVES 
The research o b j e c t i v e s  f o r  t h i s  s tudy  were t o  
1  ) exper imenta l  l y  i n v e s t i g a t e  severa l  j e t  i n j e c t i o n  sys tems t o  determine t h e i r  
m i x i ng  c h a r a c t e r i s t i c s .  The i n j e c t i o n s  were made a t  t h e  p i p e  w a l l .  
2)  i d e n t i f y  those i n j e c t i o n  systems p r o v i d i n g  t h e  most r a p i d  m ix i ng  and 
determine t h e  optimum ope ra t i ng  c o n d i t i o n s .  
3 )  i n v e s t i g a t e  t he  e f f e c t s  which secondary c u r r e n t s  have on t h e  m ix i ng .  
4 )  c a l c u l a t e  t h e  power requirements f o r  va r ious  i n j e c t i o n  systems. 
1.3 EXPERIMENTAL APPROACH 
Experiments were conducted i r~  a  C p i  n. I .D. ga l  vani  zed s t e e l  p i p e  under steady, 
f u l  l y  t u r b u l e n t  f l o w  cond i t i ons  . A  non-buoyant, sod i  um c h l o r i d e  t r a c e r  was 
i n j e c t e d  a t  a  steady r a t e  i n t o  t h e  f l o w i r ~ g  wate r  through l / 8 - i n .  I.D. brass 
tubes w i t h  one end f l u s h  w i t h  t h e  p i p e  w a l l .  The d i s t r i b u t i o n  o f  t r a c e r  con- 
c e n t r a t i o n  i n  t h e  ambient f l o w  was determi  ned by c o n d u c t i v i t y  measurements on 
two perpend icu la r  diameters w i t h  a  t o t a l  o f  t h i r t e e n  p o i n t s  a t  va r i ous  down- 
stream c ross  sec t i ons  spaced 10 t o  20 p i p e  diameters apa r t .  From t h e  con- 
c e n t r a t i o n  data,  t h e  progress o f  t h e  m i x i n g  cou ld  be f o l l o w e d  downstream 
f rom t h e  i n j e c t i o n  p o i n t  and t h e  m ix i ng  d i s tance  cou ld  be determined. 
The two types of i n j e c t i o n  systems i n v e s t i g a t e d  were ( 1 )  a  s i n g l e  
j e t  o r i g i n a t i n g  a t  t h e  p i p e  w a l l  w i t h  t h e  angle o f  i n j e c t i o n  v a r i e d  from 90' 
( c ross  f l o w )  r e l a t i v e  t o  t h e  ambient f l o w  d i r e c t i o n  t o  150' (a lmos t  coun te r  
f l o w ) ,  and ( 2 )  two j e t s  which o r i g i n a t e d  a t  t h e  p i p e  w a l l ,  were a t  oppos i te  
ends o f  t h e  v e r t i c a l  diameter, and had an ang le  of i n j e c t i o n  o f  900 (c ross  f low)  
r e l a t i v e  t o  t h e  arr~bierlt  f low d i r e c t i o n .  A f t e r  f i n d i n g  t h e  optimum c o n d i t i o n s  
f o r  t h e  j e t  i n j e c t i o n s ,  t h e  e f f ec t  which a  p a r t i c u l a r  secorldary c u r r e n t  
had on t h e  m i x i n g  d i s t a n c e  was i n v e s t i g a t e d  by p l a c i n g  a  f i x e d  t h ree -  
bladed outboard motor propel  1  e r  upstrearrl o f  t h e  i n j e c t i o n  p o i n t .  
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This  r e l a t i o n s h i p  i s  considered f u r t h e r  i n  Sec t ion  2.4. S i m i l a r  t o  Eq. 2.5, 
t he  i n i t i a l  m ix ing  prov ided by j e t s  i s  a  f u n c t i o n  o f  Wr and a p lus  t h e  number 
and l o c a t i o n  o f  t he  j e t s  around t h e  p i p e  w a l l .  Passive sources can be viewed 
as a  spec ia l  case i n  which Mr = 0 so t h a t  t he re  i s  zero pene t ra t i on  and zero 
i n i t i a l  mix ing.  
2.2 AMBIENT MIXING 
(Th i s  sec t i on  i s  a  summary o f  some o f  t h e  m a t e r i a l  presented by 
Ho l l ey  and Ger, 1978.) 
I n  o rder  t o  cha rac te r i ze  the  general  ambient mix ing  i n  a  p ipe,  the  
f l ow  may be assumed t o  be represented by a  uniform v e l o c i t y ,  V and constant  P ' 
r a d i a l  and c i rcumferen t ia l  d i f f us ion  c o e f f i c i e n t s ,  er and ee. Based on 
the  analogy between momentum and mass t r a n s f e r  
where U, = shear v e l o c i t y  = V 
P  
f = f r i c t i o n  f a c t o r  
R = p i p e  rad ius  
P  
Sct= t u r b u l e n t  Schmidt number. 
Eva lua t ion  o f  e  i s  summarized l a t e r  i n  t h i s  sec t ion .  For  steady i n j e c t i o n s ,  0 
t he  l o n g i t u d i n a l  g rad ien ts  o f  concent ra t ion  a re  normal ly  small enough t h a t  
the  e f f e c t s  o f  l o n g i t u d i n a l  d i f f u s i o n  a r e  n e g l i g i b l e  re1 a t i v e  t o  the  advect ion.  
Va r i a t i ons  i n  p i p e  diameter, roughness, o r  Reynolds number would be 
expected t o  change the  m ix ing  d i s tance  requ i red  t o  achieve a  c e r t a i n  Cv value. 
The e f f e c t  o f  these v a r i a t i o n s  can be considered by us ing  a  dimensionless 
longitudinal distance, Z ,  which i s  de f ined  as 
where z = f l o w  d is tance from i n j e c t i o n  p o i n t .  Using Eq. 2.6, Eq. 2.7 can 
be w r i t t e n  as 
The f r i c t i o n  fac to r  i s  a func t ion  o f  bo th  the  r e l a t i v e  roughness of the  p ipe  
and t h e  Reynol ds number (Rp). I n  Sect lon 2.3, some experimental evidence 
w i l l  be discussed concerning the  e f f e c t  which f and R have on the  mlx ing  P 
d is tance.  By us ing  Z (Eqs. 2.7 o r  2.8) ins tead of z, t h e  m lx ing  d is tance 
f o r  a g iven  source con f i gu ra t i on  and a g i ven  Cv has a Z va lue which i s  inde- 
pendent of the  f l o w  v e l o c i t y ,  p ipe  diameter, o r  f r i c t i o n  f a c t o r .  
The d i f f e r e n t i a l  mass balance equat ion was solved a n a l y t i c a l l y  t o  
i n v e s t i g a t e  t h e  d i f f u s i o n  o f  a  conservat ive,  n e u t r a l l y  buoyant substance re -  
leased cont inuous ly  from a p o i n t  source i n  a steady, uni form, t u r b u l e n t  p ipe 
f low.  Except f o r  source con f i gu ra t i ons  symmetrical about t he  p ipe  c e n t e r l  ine, 
t he  asymptot ic s lope o f  l o g  Cv vs Z i s  a  f u n c t i o n  o f  a  dimensionless 
parameter 
Experimental r esu l  t s  were used t o  evaluate and eg , b u t  t he  values depended 
on the  va lue assumed f o r  Set. Using the  concent ra t ion  da ta  c o l l e c t e d  by 
F i lmer  and Yevdjevich (1966), Clayton e t  a1, (19681, and Ger and Hol l e y  (1974), 
n was found t o  be 1.8 assuming a t u r b u l e n t  Schmidt number o f  1  .O, o r  n = 1.2 
assuming Sct = 0.77. 
F igure  2.1 i s  a p l o t  o f  l o g  Cv  versus Z w i t h  Q = 1.8 and Sct = 1.0 
f o r  a  number o f  d i f f e r e n t  p o i n t  source l o c a t i o n s  represented by p '  = r / R p  
where r = r a d i a l  coord ina te  measured from t h e  p ipe  c e n t e r l  ine .  Thus, p  ' F 1 
represents a source a t  t h e  p ipe  w a l l  and p '  = 0 i s  a t  t h e  c e n t e r l i n e  o f  t he  
pipe. The curve f o r  p '  = 0 represents t h e  bes t  m ix ing  f o r  a s i n g l e  passive 
Dimensionless Longitudinal Distance, Z 
F i g .  2.1 - C a l c u l a t e d  c o e f f i c i e n t  o f  v a r i a t i o n  
source because the  t r a c e r  needs t o  mix on l y  over a  d is tance equal t o  t he  
p ipe  rad ius ,  whereas the  curve f o r  p '  = 1  represents the  slowest mix ing 
because the  t r a c e r  rnust rnix from one p o i n t  on the  wa l l  across the  e n t i r e  
p ipe  area. The asymptot ic ( l a r g e  Z)  s lope f o r  t he  PI  = 0  curve a l so  r e -  
presents the  r a t e  of mix ing o r  s lope of l o g  Cv vs Z f o r  any i n i t i a l  con- 
c e n t r a t i o n  d i s t r i b u t i o n s  o r  any number o f  p o i n t  sources provided t h a t  
t he  i n i t i a l  d i s t r i b u t i o n s  o r  sources are  symmetr ica l ly  arranged about t h e  
p ipe  center1 ine .  S i m i l a r l y ,  t he  = 1  curve f o r  l a r g e  Z represents the  
asyn~pto t ic  slope f o r  a l l  asymrnetrical cases and f o r  t he  slowest r a t e  o f  
ambient mixing. For b r e v i t y ,  these c h a r a c t e r i s t i c  slopes w i l  I be c a l l e d  
,the "syrr~metr?cal I' s lope and the  I1asymnetri ca l  'I slope. For asymmetrical 
i n i t i a l  concentrat ion d i s t r i b u t i o n s  o r  p o i n t  source d i s t r i b u t i o n s ,  the  
l o g  Cv vs. Z curve can have somewhat d i f f e r e n t  shapes f o r  smal l  Z .  The 
curve can f o l l o w  the  c e n t e r l i n e  source curve, b u t  even tua l l y  i t  w i l l  break 
away t o  the  "asymmetrical" slope. See f o r  example the  curve f o r  P = 0.2 
i n  F ig.  2.1. The p o i n t  a t  which the  curve changes from t h e  "symmetrical" 
t o  the  "asymmetrical1' s lope depends on the  i n i t i a l  degree o f  asymmetry. 
The asymptot ic slopes f o r  symn~etr ical  and asyrnmetri ca l  d i - s t r i  bu t ions  
,- 
(F ig .  2.1) a re  inc luded f o r  comparison on the  c o e f f i c i e n t  o f  v a r i a t i o n  
graphs presented i n  Chapter 4 fo r '  the j e t  i n j e c t i o n s ,  
The "symmetrical" slope f o r  p '  = 0  i s  associated w i t h  per fec t  symmetry, 
bu t  per fec t  symmetry can never be obtained i n  experiments. Thus, i t  might 
be expected t h a t  empi r ica l  curves f o r  l o g  Cv vs Z should even tua l l y  have the  
"asymptot ic" s lope f o r  a1 1  asymmetrical cond i t ions ,  b u t  t h i s  i s  no t  necessar i l y  
t he  case f o r  two reasons. F i r s t ,  F ig.  2.1 shows t h a t  t he  value o f  Z a t  which 
the  curves f o r  asyrnmetrical i n j e c t i o n s  break away from the curve f o r  p ' = 0  
depends on t h e  va lue  of P ' ,  o r  more g e n e r a l l y ,  on how n e a r l y  symmetr ical  t h e  
i n i t i a l  o r  i n j e c t i o n  c o n d i t i o n  i s .  For  example, f o r  p '  = 0.05 and Z < 0.4 
( o r  C, > 0.01), i t  probab ly  would n o t  be p o s s i b l e  t o  d i s t i n g u i s h  e m p i r i c a l l y  
between sources corresponding t o  p ' = 0.05 and p ' = 0. Thus, a  s l i g h t l y  
asymmetr ical  i n j e c t i o n  cou ld  g i v e  r e s u l t s  which f o l l o w e d  t h e  "symmetr ica l "  
s lope. The second reason i s  t h a t  a t  some va lue  o f  CV, t h e  e m p i r i c a l  r e s u l t s  
beg in  t o  represen t  random measurement e r r o r s  r a t h e r  than  degree of u n i f o r m i t y  
o f  t h e  concen t ra t i on  d i s t r i b u t i o n .  Thus, i t  i s  no rma l l y  n o t  p o s s i b l e  t o  
measure ext remely  smal l  va lues of C t o  determine i f  t h e  l o g  Cv vs  Z curve 
v  
has broken away f rom t h e  s lope  f o r  symmetr ical  cases. Emp i r i ca l  curves f o r  
n e a r l y  symmetr ical  s i t u a t i o n s  can t h e r e f o r e  f o l l o w  t h e  s lope  f o r  symmetr ical  
cases throughout  t h e  range o f  s i g n i f i c a n t  Cv va lues.  Typ i ca l  values of Cv 
below which measurement e r r o r s  predominate a r e  0.05 f o r  rhodamine t r a c e r s  
(Hol l e y ,  1977), 0.02 f o r  c o n d u c t i v i t y  ( t h i s  s tudy) ,  and 0.003 f o r  r a d i o a c t i v e  
t r a c e r s  (C lay ton  and Evans 1968; Hol l e y ,  1977). 
2.3 PASSIVE SOURCE EXPERIMENTS 
Many o f  t h e  e a r l i e r  exper imenta l  and a n a l y t i c a l  s t u d i e s  dea l i ng  w i t h  
m ix i ng  o f  a  t r a c e r  i n  p i p e  f l o w  sought t o  c h a r a c t e r i z e  t h e  d i f f u s i o n  assoc i -  
a ted w i t h  t h e  ambient f l o w .  Consequently, t h e  i n j e c t i o n s  were o f  t h e  pass ive 
source t y p e  so as t o  m in im ize  t he  d i s tu rbance  o f  t h e  ambient f low. H o l l e y  and 
Schuster (1967) summarized much of t h e  e a r l i e r  work on r a d i a l  d i f f u s i o n  i n  p i p e  f l ow .  
F i lme r  and Yevdjev ich (1966) a t tempted t o  s imu la te  a p o i n t  source by 
i n j e c t i n g  a f l u o r e s c e n t  dye a t  t he  c e n t e r l i n e  o f  a  36- in .  I ,D. p i p e  a t  d i f f e r e n t  
p o s i t i o n s  a long t h e  p i p e l i n e .  They measured dye d i s t r i b u t i o n s  i n  o rde r  t o  
o b t a i n  t h e  degree of m i x i ng  as a f u n c t i o n  o f  f l o w  d i s tance  f r om t h e  p o i n t  of 
i n j e c t i o n .  The concentrat ion d i s t r i b u t i o n s  i nd i ca ted  t h a t  t h e  t r a c e r  rose 
(because of buoyancy and/or the  wake o f  t h e  i n j e c t o r  arm) from the  p o i n t  of 
i n j e c t i o n  a t  the p ipe  c e n t e r l i n e  toward the  t o p  of t h e  p ipe  cross sect ion.  
Nevertheless , t h e i r  experimental work has proven va l  uabl e  f o r  subsequent 
s tud ies  o f  ambient d i f f u s i o n  (Ho l ley  and Ger, 1978). 
Evans (1 967) conducted experiments t o  check t h e o r e t i c a l  concentrat ion 
d i s t r i b u t i o n s  obta ined by Jordan (1961). His r e s u l t s  f o r  a  c e n t e r l i n e  source 
i n  a  6  -in. I. D. copper p ipe  f o r  JR = 100,000, 50,000 and 10,000 agreed c l o s e l y  P  
w i t h  the  t h e o r e t i c a l  p red i c t i ons .  Evans a l s o  showed by numerical s o l u t i o n  
o f  t he  d i f f u s i o n  equat ion t h a t  t he  mix ing  d is tance f o r  passive r i n g  sources 
i n  t u r b u l e n t  p ipe  flow was minimized by l o c a t i n g  the  r i n g  a t  r / R  = 0.62. P  
This resu l  t was confirmed experimental l y  . 
Clayton e t  a l .  (1968) i nves t i ga ted  the  d i f f u s i o n  o f  a  r a d i o a c t i v e  
t r a c e r  i n  a  4- in .  I . D .  p ipe  us ing four d i f f e r e n t  source conf igura t ions ,  narnely 
a  c e n t e r l  i n e  source, a  s i n g l e  w a l l  source, f o u r  wa l l  sources equa l l y  spaced 
around the  p ipe  w a l l ,  and f o u r  sources equa l l y  spaced around a  c i r c l e  located 
a t  0.63 Rp. Except f o r  t he  c e n t e r l i n e  source, t he  measured concent ra t ion  
d i s t r i b u t i o n s  agreed c l o s e l y  w i t h  the  so lu t i ons  o f  t he  t h e o r e t i c a l  d i f f u s i o n  
equations der ived by Jordan (1961). There i s  seldom good agreement between 
c a l c u l a t i o n s  and data fo r  c e n t e r l  i n e  sources s ince  the  ca l cu la t i ons  general l y  
assume a  per fec t  symmetry which i s  extremely d i f f i c u l t  t o  s imu la te  exper i -  
menta l ly .  
Both Evans (1966) and Clayton e t  a1 . (1968) showed exper imenta l ly  
and t h e o r e t i c a l l y  t h a t  the  mix ing  d is tance increased o n l y  s l i g h t l y  w i t h  
3  increas ing  R f o r  smooth pipes. The range o f  Rp inves t i ga ted  was 5  x  10 t o  
P  
7  1  x  10 . The increase i n  mix ing d is tance was due t o  a  decrease i n  f and a  
corresponding decrease i n  t h e  d i f f us ion  c o e f f i c i e n t s  r e l a t i v e  t o  V R The P  P '  
dimensionless d is tance Z i n  Eqs. 2.7 and 2.8 c o r r e c t l y  accounted f o r  
changes i n  the  mix ing  d is tance (Hol l ey ,  1977; Hol l e y  and Ger. 1978). 
2.4 JET INJECTION EXPERIMENTS 
As mentioned prev ious ly ,  a  t u r b u l e n t  j e t  i n j e c t e d  w i t h  s i g n i f i c a n t  
momentum across t h e  ambient f low can c rea te  r a p i d  i n i t i a l  m ix ing  and can 
s i g n i f i c a n t l y  reduce the  mix ing distance. There has been a  s i g n i f i c a n t  
amount of research dea l ing  w i t h  t h e  t r a j e c t o r y  and r a t e  o f  spreading o f  
j e t s  i n  cross f lows, bu t  r e l a t i v e l y  l i t t l e  has been publ ished concerning 
s p e c i f i c  ways o f  us ing j e t  i n j e c t i o n  systems t o  produce r a p i d  m ix ing  i n  pipes. 
Chi1 ton  and Genereaux (1930) publ ished one o f  the  f i r s t  r e p o r t s  
addressing t h e  use of d i f f e r e n t  con f i gu ra t i ons  o f  i n j e c t i o n  systems t o  promote 
r a p i d  mix ing.  They used a i r  f l ow ing  through a  g lass p ipe  and an a i r  j e t  
conta in ing  smoke as the  t r a c e r  so v i sua l  eva lua t ion  could be made concerning 
the  r e l a t i v e  mix ing  f o r  each i n j e c t i o n  system. From t h e i r  q u a l i t a t i v e  
experiments, they concluded t h a t  t h e  mix ing  w i t h  a  c ross- f low j e t  a t  90' 
r e l a t i v e  t o  the  ambient f l o w  was as good as the  o ther  methods of i n j e c t i o n  
inves t iga ted ,  namely, a  cen te r l  i n e  j e t  d i r e c t e d  upstream, a c e n t e r l  i n e  source 
d i r e c t e d  downstream, d iamet r i ca l  l y  opposed dual c ross- f  low j e t s ,  a  j e t  d i  rec-  
t ed  downstream a t  450, and a  j e t  d i r e c t e d  upstream a t  135'. However. quant i  t a -  
t i v e  data from the  present s tudy show t h a t  more r a p i d  mix ing  can be obtained 
w i t h  dual c ross- f low j e t s  and w i t h  a  j e t  d i r e c t e d  a t  135' than w i t h  a  s i n g l e  
c r o s s - f l  ow j e t .  Chi 1  t o n  and Genereaux (1 930) experimental l y  determined t h a t  
the  momentum r a t i o ,  Mr, i s  a  more important  parameter i n  cha rac te r i z i ng  t h e  
mix ing fo r  the  c ross- f low j e t s  than t h e  v e l o c i t y  r a t i o ,  Vr, o r  t h e  f low area 
r a t i o ,  A,. I n  Sect ion 2.1, i t  was mentioned t h a t  the  amount of j e t  penet ra t ion  
i n t o  the  p ipe  f low i s  r e l a t e d  t o  Mr and t h a t  the  mix ing  i s  r e l a t e d  t o  the  
pene t ra t i on  and the re fo re  t o  Mr. Chi 1  ton  and Genereaux (1  930) recognized 
from t h e i r  q u a l i t a t i v e  experiments t h a t  a  range o f  optimum momentum r a t i o s  
ex i s ted  f o r  a  g iven rnettlod o f  i n j e c t i o n .  
Some informat ion on the  r e l a t i o n s h i p  o f  j e t  pene t ra t i on  t o  Mr can be 
obta ined from Wr igh t ' s  (1977) work on j e t s  i n  cross f lows.  H is  momentum 
leng th  sca le  (4,) can be expressed as 
His F ig.  4, us ing y f o r  the  d is tance from t h e  p ipe  w a l l  and z  f o r  the  f low 
d is tance i n  t he  pipe, i nd i ca tes  t h a t  f o r  
the j e t s  a r e  i n  the  momenturn-dominated f a r  f i e l d  which i s  t he  reg ion  o f  
i n t e r e s t  f o r  cha rac te r i z i ng  the  penet ra t ion  f o r  most o f  the  j e t  i n j e c t i o n s .  
For t he  f a r  f i e l d ,  the  t r a j e c t o r y  can be w r i t t e n  as 
a f t e r  us ing Eq. 2.10 i n  r e - w r i t i n g  Wr igh t ' s  equat ion f o r  the  t r a j e c t o r y .  
I t  i s  d i f f i c u l t  t o  use Eq. 2.13 t o  ob ta in  an absolute eva lua t i on  of the  j e t  
penet ra t ion  because of u n c e r t a i n t i e s  concerni ng the  p o i n t  o f  t r a n s i t i o n  from 
i n i t i a l  m ix ing  t o  ambient mix ing.  Nevertheless, i t  i s  poss ib le  t o  use Eq. 2.13 
t o  ob ta in  r e l a t i v e  penet ra t ions  f o r  d i f f e r e n t  Mrls by assuming t h a t  the  t ran -  
s i t i o n  can be represented by the  same s lope (dy ldz )  o f  the  t r a j e c t o r y  f o r  any 
two Mr values represented by sub-1 and sub-2, provided t h a t  Eq. 2.1 2  i s  s a t i s -  
f ied.  D i f f e r e n t i a t i n g  Eq. 2.13 and s e t t i n g  (dy ldz) ,  = ( d y / d ~ ) ~  shows t h a t  
i f  z1 and z2 are  t h e  f low d is tances t o  the  t r a n s i t i o n .  S u b s t i t u t i n g  Eq. 2.14 
i n t o  a  r a t i o  of Eq. 2.13 f o r  cond i t i ons  1  and 2  y i e l d s  
so t h a t  the  r e l a t i v e  pene t ra t i on  o f  j e t s  i n t o  the  p ipe  should be p ropo r t i ona l  
t o  t he  square r o o t  o f  Mr. 
I n  a d d i t i o n  t o  a n a l y t i c a l l y  cha rac te r i z i ng  the  j e t  near the  i n j e c t i o n  
po in t ,  Ger and Ho l l ey  (1974) exper imenta l l y  found the  optimum momentum r a t i o ,  
* 
Mr, t o  be approximately 0.016 f o r  a  s i n g l e  c ross- f low j e t .  The i r  experiments 
* 
were conducted i n  a  6- i n .  I .D. galvanized s t e e l  p ipe.  (Mr = 0.013 was found 
* 
i n  t h i s  study. See Sect ion 4.2.2.) Ger and Ho l l ey  showed t h a t  f o r  Mr = Mr, 
the  concent ra t ion  d i s t r i b u t i o n  of t h e  t r a c e r  was approximately symmmetrical 
about t he  c e n t e r l i n e  o f  t h e  p ipe  a f t e r  t he  j e t  was bent over by the  ambient 
* * 
flow. For Mr < Mr, the  j e t  d i d  n o t  reach the  c e n t e r l i n e  and f o r  Mr > Mr, the  
j e t  overshot t h e  center1 i ne (F ig .  2.2).  For Mr e i t h e r  g r e a t e r  than o r  1 ess 

* * 
than Mr, t he  m ix i ng  d i s tance  increased compared t o  t h e  s i t u a t i o n  where Mr = Mr. 
Therefore,  f o r  a  s i n g l e  j e t  i n j e c t i o n  system t o  have t h e  maximum ef fect iveness 
as a  m ix i ng  device, i t  must promote r a p i d  i n i t i a l  m i x i n g  and d i s t r i b u t e  t h e  
t r a c e r  symmet r i ca l l y  about t h e  c e n t e r l i n e  o f  t h e  p i p e  t o  a l l o w  t h e  d i f f u s i o n  
processes t o  e f f i c i e n t l y  con t i nue  t h e  m ix i ng .  
The curves i n  F ig .  2.1 a re  r e l a t e d  o n l y  t o  ambient m i x i n g  s i nce  
they  were c a l c u l a t e d  f o r  pass ive  sources. The c h a r a c t e r i s t i c  s lopes a r e  
a p p l i c a b l e  f o r  t h e  downstream, ambient m i x i n g  p a r t  o f  t h e  process even w i t h  
i n i t i a l  j e t  m ix ing .  Normal ly,  t h e  j e t  i s  d i s s i p a t e d  r a t h e r  r a p i d l y  so t h a t  
t h e  i n i t i a l  m i x i ng  r e g i o n  i s  r a t h e r  s h o r t  ( no rma l l y  o n l y  a  few p i p e  diameters,  
a t  most, f o r  smal l  d iameter  j e t s ) .  One way o f  v iew ing  t h e  e f f e c t s  of i n i t i a l  
m i x i ng  i s  t h a t  i nc reas ing  t h e  degree of i n i t i a l  m i x i n g  decreases t h e  va lue  
o f  Cv a t  t h e  i n t e r c e p t  if t h e  l i n e a r  p a r t  o f  t h e  l o g  Cv vs Z curves i s  e x t r a -  
po la ted  back t o  Z = 0. Th i s  can be seen i n  t h e  da ta  presented i n  Chap. 4. 
3. DESCRIPTION OF EXPERIMENTS 
3.1 THE HYDRAULIC CIRCUIT 
The hyd rau l i c  c i r c u i t  (F ig.  3.1) used f o r  t he  experiments was a  
modi f ied ve rs ion  of t h e  c i r c u i t  used by Ger and Ho l l ey  (1974). A  6- in .  I . D .  
ga lvanized s t e e l  p ipe  w i t h  f langed connections was used. A t  the  p o i n t  of i n -  
j e c t i o n ,  a  4 - f t .  long  sec t i on  o f  6 - in .  I .D . ,  c l e a r  p l e x i g l a s s  p ipe  was i n s e r t e d  
i n t o  t h e  p i p i n g  system i n  order  t o  v i s u a l l y  observe the  j e t  i n j e c t i o n .  The 
t o t a l  l eng th  from elbow E2 (F ig .  3.1) t o  t he  downstrearrr end o f  the  p ipe  was 
118 ft. The p ipe  f l o w  was suppl ied by a  v e r t i c a l  t u r b i n e  pump l i f t i n g  water 
from t h e  l abo ra to ry  sump t o  a  constant  head tank 50 ft. above t h e  i n v e r t  of 
t h e  6- i n .  p ipe.  The discharge was c o n t r o l l e d  by a  ga te  va lve  as shown i n  
F ig .  3.1. A  Dall-Flowmeter (BIF, Model 0122-25) was i n  t h e  l i n e  and connected 
t o  an a i r -wa te r  manometer, b u t  t he  meter proved t o  be use fu l  p r i m a r i l y  f o r  
mon i to r ing  t h e  steadiness o f  t h e  f l o w  dur ing  an experiment. The meter cou ld  n o t  
be used t o  measure t h e  p ipe  discharge f o r  each t e s t  because of d i f f i c u l t i e s  
i n  e s t a b l i s h i n g  a  c a l i b r a t i o n  curve t h a t  would rernain re1  i a b l e  and accurate 
f o r  more than a  few days fo r  t h e  small discharges used i n  these experiments. 
The ac tua l  discharge was measured us ing  a  tank which had a  capac i t y  of 1000 I b .  
and which was placed on a  sca le  balance. The accuracy o f  t he  readings was + 
7.0 1  bs. It was n o t  p r a c t i c a l  t o  s e t  e x a c t l y  t h e  same d ischarge f o r  each t e s t ;  
t he  range o f  discharges was kept  between 0,132 and 0.200 cfs.  
To dampen the  e f f e c t s  o f  t h e  secondary cu r ren ts  induced by elbow E2 
(F ig .  3.1), a  f low s t r a i g h t e n i n g  system i n s t a l l e d  by Ger and Ho l l ey  (1974) 
was used. The s t ra igh tene rs  cons is ted  o f  f o u r  vanes placed i n  elbow E2, 
fol lowed by seven 10 ft. long, 1  5/8- in.  I . D .  ga lvanized s t e e l  pipes i n s e r t e d  
i n t o  t he  6- in .  pipe, and then a  se r i es  o f  f i v e  pieces o f  5/16-in. f l a t t e n e d  

expanded metal placed 6 i n .  apar t .  The d is tance o f  79 p ipe  diameters from the  
end of t h e  expanded metal t o  the  i n j e c t i o n  plane was s u f f i c i e n t  t o  dampen 
any res idua l  secondary cur ren ts  and turbulence caused by the  f low s t r a i g h t -  
eners and t o  es tab l i sh  f u l l y  developed t u r b u l e n t  f low i n  t h e  p ipe  (Ger and 
Hol 1 ey , 1974) . 
I n j e c t i o n  o f  t h e  t r a c e r  i n t o  the  ambient f l o w  took p lace i n  t he  4 ft. 
p lex ig lass  sect ion,  th ree  p ipe  diameters from the  upstream end. The i n j e c -  
t i o n  l o c a t i o n  was determined from experiments conducted by Morgan e t  a l .  
(1976) who showed t h a t  t h e  upstream pene t ra t i on  o f  a counterf lowing j e t  was 
on l y  t h ree  p ipe  diameters fo r  Mr = 25. The f i v e  p ipe  diameters i n  t h e  clear., 
p l e x i g l a s s  sec t i on  downstream o f  t h e  i n j e c t i o n  were s u f f i c i e n t  f o r  observing 
the  i n i t i a l  behavior of dyed t race rs .  
The l eng th  o f  p ipe  a v a i l a b l e  f o r  sampling was 107 p ipe  diameters. 
The f i r s t  sampling s t a t i o n  was loca ted 7 p ipe  diameters from the i n j e c t i o n  
plane, t he  nex t  four were 10 p ipe  diameters apar t ,  and the  l a s t  th ree  were 20 
p ipe  diameters apar t .  For most experiments, o n l y  the  f i r s t  f i v e  s ta t i ons  
were needed. 
A t  t h e  end of the  pipe, a per forated f l ange  was used t o  i nsu re  t h a t  
t he  p ipe would f l o w  f u l l  a t  t he  low discharges. The water was re turned t o  
t h e  sump v i a  f l o o r  channels f o r  r e c i r c u l a t i o n  through t h e  c i r c u i t .  
The hyd rau l i c  roughness o f  t he  galvanized s t e e l  p ipe  was determined 
by measuring the  head drop f o r  a 50 ft. sec t i on  f o r  a range o f  Reyr~olds numbers 
from 3 x l o 4  t o  3.5 x  l o5 ,  The discharges were measured by the  Dall-Flowmeter 
which could be used i n  t h i s  case because the  c a l i b r a t i o n  o f  t h e  meter and the  
hyd rau l i c  roughness t e s t s  were conducted on the  same day. The meter was 
c a l i b r a t e d  us ing two weigh tanks w i t h  20,000 1 b capac i t i es  and 120 1 b. accuracy. 
The r e l a t i v e  roughness was found t o  be about 0.0006 which i s  h igher  than the  
value o f  0.0001 determined by Ger and Ho l l ey  (1974). Visual  i nspec t i on  of 
t h e  i n t e r i o r  o f  t h e  p i pe  w a l l  i n d i c a t e d  a rough sur face  most 1  i k e l y  caused 
by a d d i t i o n a l  c o r r o s i o n  s i nce  t h e  l a s t  exper iment by Ger and H o l l e y  (1974).  
Dur ing  t h e  12-month course o f  t h e  exper imenta l  s tudy,  t h e  water  
temperature ranged from 1 2 . 9 ~ ~  t o  25. 7Oc due t o  n a t u r a l  seasonal changes. The 
water  temperature was cons tan t  d u r i n g  a s i n g l e  t e s t  which u s u a l l y  r a n  f o r  
about 4  hours. Because t h e  wate r  temperature covered a wide range, t h e  temper- 
a t u r e  was taken i n t o  account when c a l c u l a t i n g  t h e  v i s c o s i t y  and Reynolds 
number. With t h e  changing temperature and d ischarge  f r om experiment t o  exper- 
iment,  t h e  Reynolds number v a r i e d  f rom 27,000 t o  40,100. Tak ing i n t o  account 
t he  e r r o r s  i n  measuring t h e  p i p e  d ischarge  and water  temperature,  t h e  Reynolds 
number cou ld  be c a l c u l a t e d  t o  w i t h i n  +4%. Because o f  t he  r e l a t i v e l y  smal l  
range o f  f r i c t i o n  f a c t o r s  corresponding t o  t h e  range o f  Reynolds numbers, an 
average f r i c t i o n  f a c t o r  of  0.025 was used f o r  c a l c u l a t i n g  Z (Eq. 2 .8 ) .  
3.2 THE TRACER INJECTION SYSTEM 
3.2.1 The Tracer  
Three t r a c e r s  commonly used f o r  m i x i ng  s t u d i e s  i n  water  a r e  s a l t  
( i  .e. sodi-urn c h l o r i d e ) ,  r a d i o a c t i v e  substances, and f l ou resce r l t  dyes. Sodiurn 
c h l o r i d e  (NaC1) was s e l e c t e d  as a t r a c e r  f o r  t h i s  expe r i l ne r~ ta l  s tudy  f o r  t he  
f o l l  owing reasons : 
a )  The accuracy of t h e  sodiurn c h l o r i d e  concen t ra t i on  rneasurements 
i s  about 1% - 3% as opposed t o  about 5% f o r  f l  uorescer l t  t r ace rs .  
(Ho l ley ,  1977).  
b)  E l e c t r o n i c  i nstrurl.~ents and exper ience us ing  NaCl were a v a i l  a b l e  
frorn p rev ious  experirnents conducted i n  t h e  same l a b o r a t o r y  by 
Ger and Hol l e y  (1974).  
c )  Storage f a c i l i t i e s  and d e t e c t i o n  equipment f o r  t h e  r a d i o a c t i v e  
t r a c e r  were n o t  a v a i l a b l e ,  
d)  The NaCl d i d  no t  r e q u i r e  spec ia l  hand1 i n g  and was r e a d i l y  a v a i l a b l e  
and inexpensive. 
e) The de tec t i on  technique chosen t o  measure the  c o n d u c t i v i t y  
(amount o f  NaCl present i n  i on i zed  form) d i d  n o t  r e q u i r e  samples 
t o  be c o l l e c t e d  and analyzed. The c o n d u c t i v i t y  was cont inuously  
monitored and recorded. Each experiment took about 4  h rs .  and 
gave immediate r e s u l t s .  With a r a d i o a c t i v e  t race r ,  samples would 
have had t o  be c o l l e c t e d  and analyzed separate ly ,  t ak ing  about 
8 hrs. f o r  each experiment. 
The disadvantages of t he  s a l t  t r a c e r  were: 
a )  The background c o n d u c t i v i t y  l e v e l  c o n t i n u a l l y  increased .because 
the  water f lowing i n  t he  p ipe  was r e c i r c u l a t e d  through the  
l abo ra to ry  hyd rau l i c  c i r c u i t .  This problem would have occurred 
fo r  any of t h e  t race rs .  
b)  Adding NaCl t o  water increased the  t r a c e r  dens i t y  above the  
dens i ty  of t h e  ambient f l ow .  Ger and Ho l ley  (1974) found t h a t  
i f  the  Froude Number ( IF = Vj/J(pt/pa-l)Dj, where p t  = t r a c e r  
dens i t y  and pa = dens i t y  o f  the  ambient f l o w )  was greater  than 
about 50, t he  penet ra t ion  o f  t he  j e t  and mix ing  d is tance were 
, 
independent o f  the  i n i t i a l  dens i ty  d i s p a r i t y .  Hence, on l y  f o r  
a  few t e s t s  was i t  necessary t o  add methanol ( s  .g. = 0.79 and 
i o n i c a l l y  neutra l )  t o  the  s a l t  t r a c e r  t o  reduce dens i ty .  
c )  The s a l t  s o l u t i o n  may have s l i g h t l y  accelerated the  cor ros ion  of 
t he  pipes. 
D i f f e r e n t  i n j e c t i o n  f l  owrates were needed i n  d i f f e r e n t  experiments 
i n  order  t o  minimize the  amount of s a l t  being added t o  the  r e c i r c u l a t e d  water. 
An attempt was made t o  keep the  u l t i m a t e  s a l t  concent ra t ion  i n  t he  ambient 
f l o w  c lose  t o  20 mg/R above the  background concent ra t ion  f o r  each experiment. 
The c r i t e r i a  of 20 m g / l  was e s t a b l i s h e d  f rom p r e l i m i n a r y  t e s t s  designed t o  
determine t h e  u l t i m a t e  NaCl concen t ra t i on  which kep t  a1 1 concen t ra t i on  measure- 
ments w i t h i n  t h e  l i n e a r  range o f  t h e  c o n d u c t i v i t y  probe, which i s  discussed 
l a t e r  i n  Sec t ion  3,4.2, and a t  t h e  same t ime, was l a r g e  enough t o  i n s u r e  
accura te  measurements of  t h e  concen t ra t i on  d i f f e r e n c e s .  When t h e  i n j e c t i o n  
f l o w r a t e  needed t o  be increased f o r  an exper iment,  t h e  NaCl concen t ra t i on  
i n  t h e  t r a c e r  was decreased. The s a l t  concen t ra t ions  i n  t h e  i n j e c t i o n  s o l u t i o n s  
ranged f rom 4.2 g / l  t o  11.1 g / l  f o r  i n j e c t i o n  f l o w r a t e s  rang ing  from 2.33 x  
1 r 4 c f s  t o  9.9 x  c fs .  The temperature d i f f e r e n c e  between t h e  t r a c e r  
s o l u t i o n  and ambient f l u i d  was n e g l i g i b l e  because t h e  t r a c e r  was always p re -  
pared us ing  t h e  sump wate r .  
3.2.2 The I n j e c t i o n  C i r c u i t  
I n  o r d e r  t o  i n j e c t  a  s teady cont inuous f l o w  o f  t r a c e r  i n t o  t h e  p i pe  
f o r  a  wide range o f  i n j e c t i o n  o r i e n t a t i o n s  and f l o w  r a t e s ,  i t  was expedient  
t o  use two separate c i r c u i t s  as shown i n  F ig .  3.2. C i r c u i t  1  ( C l )  was used 
when a h i g h  head was r e q u i r e d  and cons i s ted  o f  a  cons tan t  head tank  which 
was 26.5 f t  above t h e  p i p e  i n v e r t  and was supp l i ed  by a diaphragm punip   hemc con, 
Se r i es  1140-PUC-135). For  exper iments w i t h  low head requi rements,  C i r c u i t  2  
(C2) c o n s i s t i n g  o f  a  cons tan t  head tank  which was 5 ft. above t h e  p i p e  i n v e r t  
and was supp l i ed  by a c e n t r i f u g a l  pump (Cole-Palmer, U21) was used. Two 
d i f f e r e n t  c i r c u i t s  were d e s i r a b l e  because a s i n g l e  pump capable o f  meet ing 
bo th  t h e  head and cont inuous d ischarge  requi rements was n o t  a v a i l a b l e  i n  t h e  
l ab .  The c e n t r i f u g a l  pump ma in ta ined  a steady, cont inuous d ischarge,  b u t  d i d  
n o t  have t h e  head necessary t o  reach  t h e  26.5-f t  head tank.  The diaphragm pump 
had a s u f f i c i e n t  head t o  supply  t h e  h i g h  head tank, b u t  t h e  p u l s a t i n g  d i s -  
charge caused t h e  wate r  l e v e l  t o  f l u c t u a t e  about 0.25 i n .  The wate r  l e v e l  
f l u c t u a t i o n s  were i n s i g n i f i c a n t  r e l a t i v e  t o  t he  26.5 f t  head b u t  m igh t  have 
NO SCALE 
F ig .  3.2 - Schematic diagram o f  t r a c e r  i n j e c t i o n  c i r c u i t  
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caused some discharge f l uc tua t i ons  w i t h  t h e  low head tank. Also, C i r c u i t  2  
( low head) was super io r  t o  C i r c u i t  1  f o r  two o ther  reasons: 1 )  The t ime requ i red  
f o r  t h e  i n j e c t i o n  discharge t o  become steady a f t e r  r e a d j u s t i n g  the  f lowra te  
was l ess  i n  C2 than C1 because t h e  length  o f  t he  tygon tub ing  i n  C2 was l e s s  
than i n  C l  . The changing pressure caused by vary ing  t h e  f lowra te  a f fec ted  
the  f l o w  area i n  t he  tygon tub ing  by s t r e t c h i n g  o r  sh r i nk ing  t h e  tub ing  and 
the re fo re  a f fec ted  t h e  t ime requ i red  t o  achieve steady s t a t e .  2) The needle 
valves maintained a  s tead ie r  f lowra te  i n  C2 s ince  there  was l e s s  head t o  d i s s i -  
pate through t h e  valve. 
The 32 g a l l o n  t r a c e r  r e s e r v o i r  (F ig.  3.2) used by Ger and Ho l l ey  
(1974) was not  adequate f o r  t he  l a r g e r  volurne o f  t r a c e r  requ i red  f o r  some o f  
t he  t e s t s  i n  t h i s  study. Therefore, a  59 g a l l o n  r e s e r v o i r  was placed i n  
ser ies  w i t h  t h e  32 g a l l o n  rese rvo i r .  When both r e s e r v o i r s  were needed, t he  
t r a c e r  s o l u t i o n  was c o n t i n u a l l y  f l ow ing  from one r e s e r v o i r  t o  t h e  o the r  t o  
insure  a  un i fo rm ly  mixed t r a c e r  throughout a  t e s t .  
Two d i f f e r e n t  l ' n jec t ion  l i n e s  branched from t h e  supply l i n e .  I n j e c -  
t i o n  1 fne  1  was used f o r  t he  s l n g l e  j e t  experiments and i n j e c t i o n  l i n e  2  was 
added f o r  t h e  dual j e t  experiments. Each l f n e  had a  needle valve, an o r i f i c e  
meter, and a  U-tube manometer. Depending on the  f l o w  cond i t ion ,  e i t h e r  a  
3/16" o r  a 1/8" bore o r i f i c e  p l a t e  was placed i n  t h e  o r i f i c e  f langes i n  a  
sec t lon  o f  1- in ,  p ipe.  Ten inches o f  one i n c h  p ipe  were prov ided upstream 
o f  t he  o r i f i c e  and 5  inches downstream, Pressure taps i n  t h e  f lange l e d  t o  
a  U-tube manometer f i l l e d  w i t h  an i n d i c a t i n g  f l u i d  w i t h  a  s p e c i f i c  g r a v i t y  
o f  1.75, Each i n j e c t i o n  l i n e  had i d e n t i c a l  apparatus and was c o n t r o l l e d  
independently. Small ad justmer~ts made i n  one l i n e  d i d  n o t  no t i ceab ly  a f f e c t  
the  other ,  Each o r i f  i c e  meter was c a l  i b r a t e d  independently before t h e  t e s t s  
began and r e c a l i b r a t e d  o c c a s i o r ~ a l l y  dur ing  t h e  course of t he  study, No 
n o t i c e a b l e  changes i n  t he  c a l i b r a t i o n  curves occurred. The i n j e c t i o n  f low 
r a t e  o f  t he  t r a c e r  could be measured t o  w i t h i n  - + 2%. 
3.2.3 The I r ~ j e c t o r s  
For t he  s i n g l e  j e t  experiments, t he  i n j e c t o r  was loca ted  a t  the  t o p  
o f  t h e  p i p e  and f o r  t he  dual j e t  experiments t h e  i n j e c t o r s  were loca ted  a t  
the  t o p  and bottom o f  t he  p i p e  on the  same diameter. The two i n j e c t o r s  were 
i d e n t i c a l  ; there fore ,  t h e  f o l  lowing descr i  p t i o n  appl i es t o  both.  
A 118"- I .D. brass tube i n s e r t e d  through a  h o l e  i n  a  rubber p lug  
(F ig .  3.3) was used as t h e  j e t  i n j e c t o r .  The rubber  p lug  f i t  i n t o  a  1  318"- 
long  and 114"-wide s l o t  c u t  through t h e  114" w a l l  o f  the  p l e x i g l a s s  p ipe.  . 
The end o f  t h e  brass tube cou ld  be v i s u a l l y  checked t o  assure t h a t  i t  was 
approximately f l u s h  w i t h  t he  p ipe  w a l l .  A r a t i o  o f  tube l eng th  t o  tube d ia -  
meter o f  a t  l e a s t  40 i s  requ i red  t o  have f u l l y  developed t u r b u l e n t  f l ow  i n  the 
j e t  when i t  enters  the  ambient f low;  there fo re ,  t h e  brass tubes were f i v e  
inches long.  The Reynolds number i n  t he  i n j e c t o r  tube was kept  above 2100 
t o  assure t h a t  t he  f l o w  was t u r b u l e n t ,  Only f o r  t he  dual 90' i n j e c t i o n  
systern d i d  t he  Reynolds number approach 2100. 
The i n j e c t o r s  were supported by p l e x i g l a s s  p r o t r a c t o r s  glued t o  the  
p l e x i g l a s s  p ipe.  The design, as shown i n  F ig .  3.3, cons is ted  o f  s e t  screws, 
guide s l o t s ,  and c o l l a r  and a l lowed t h e  tube t o  be o r l e n t e d  a t  a angles 
ranging from 90' (cross f low) t o  s l i g h t l y  l e s s  than 180' (counter  f l ow) ,  where 
a i s  t h e  angle o f  i n j e c t i o n  r e l a t i v e  t o  t he  ambient f low d i r e c t i o n ,  The 
l a r g e s t  a used was 150°. The rubber  p lug  a l lowed easy adjustment o f  t h e  
i n j e c t o r  i n  a l l  d i r e c t i o n s .  The j e t  was a l l gned  t ransve rse l y  by p lac ing  a  
smal l  mark d i r e c t l y  opposi te  t he  i n j e c t o r  p o s i t i o n  and observ ing the  j e t  path 
i n  an erflpty p i p e  w i t h  a = 90'. The symmetry o f  the  j e t  i n j e c t i o n  about t he  
v e r t i c a l  center1 i n e  o f  t h e  p ipe  was v e r i f i e d  by checking the  symmetry 

o f  measured t r a c e r  concentrat ions a long a  h o r i z o n t a l  diameter. See procedure 
i n  Sec t ion  3.5. 
3.3 VISUAL OBSERVATION OF THE JET 
Because of t h e  4  ft. long  p l e x i g l a s s  sec t ion ,  i t  was poss ib le  t o  
observe t h e  j e t  as i t  entered t h e  p ipe  f l o w  and t h e  subsequent mix ing  f o r  5  p ipe  
diameters downstream o f  t he  i n j e c t i o n .  A  potassium permanganate s o l u t i o n  was 
used t o  dye t h e  j e t  when i t  was des i red  t o  observe t h e  m ix ing  process (no t  
dur ing  da ta  c o l l e c t i o n )  . 
To c o r r e c t  f o r  t he  r e f r a c t i o n  caused by t h e  curved p ipe,  a  p lex ig lass  
box was b u i l t  around t h e  c l e a r  p i p e  and f i l l e d  w i t h  water as shown i n  F igure  
3.4. Photographs were taken f o r  each o f  t h e  i n j e c t i o n  o r i e n t a t i o n s  t o  he lp  
docurnent t h e  mix ing  c h a r a c t e r i s t i c s  o f  t h e  j e t  i n  t h e  i n i t i a l  m ix ing  zone. 
Being a b l e  t o  see t h e  behavior  o f  t h e  j e t  i n  the  p i p e  was impor tan t  f o r  a 
b e t t e r  understandi ng of the  phys ica l  m i x i  ng process. 
3.4 METHOD OF MEASURING CONCENTRATIONS 
3.4.1 Sampling Technique 
The technique f o r  measuring the  s a l  t concent ra t ion  a t  d i f f e r e n t  po in t s  
i n  t h e  p ipe  f l o w  cons is ted  o f  wi thdrawing a  cont inuous sample frorr~ t h e  p ipe  
f l o w  and measuring t h e  concent ra t ion  i n  a  cont inuous f l o w  c o n d u c t i v i t y  c e l l .  
The sampling apparatus (sampler) i s  shown i n  F ig ,  3.5. A 1/8''- I .D. brass 
tube 12 inches long  w i t h  a  bend p o i n t i n g  3/8" upstream i n  t h e  p ipe  f l o w  
was supported by a  wood and metal brace b o l t e d  around t h e  p ipe.  It would have been 
d e s i r a b l e  t o h a v e a  l o n g e r h o r i z o n t a l  arm on thesampl ing  tube. However, i twas 
o r i g i n a l l y  planned t o  i n s e r t  t h e  c o n d u c t i v i t y  probe i n t o  t h e  pipe, so t h e  gate 
values mounted on the  s i d e  o f  t h e  p ipe  (see be1 ow) were se lec ted  accord ing ly .  

conductivity flow cell 
NO SCALE 
Fig .  3.5 - Schematic diagram of sampling system and. 
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Because o f  e l e c t r i c a l  i n te r fe rence  w i t h  probes i n  t he  pipe, i t  was decided 
t o  use t h e  sampler tubes w i t h  a  c o n d u c t i v i t y  f l o w  c e l l .  The sampler was 
at tached t o  a  Lory Type-A p o i n t  gage (0.001 f t  scale)  and entered the  p ipe  
through a  1/2 i nch  ga te  va lve  which was fastened t o  t he  p i p e  w a l l .  By 
a t t ach ing  a  tube f i t t i n g  w i t h  a  rubber  s leeve t o  each ga te  valve, t he  brass 
sampler tube could be i n s e r t e d  i n t o  and removed from t h e  p i p e  w i t h o u t  i n t e r -  
r u p t i n g  t h e  f l o w  o r  i n j e c t i o n .  Th i s  bo th  helped t o  reduce t h e  t ime necessary 
t o  rurl an experiment and helped t o  i n s u r e  constant  f l o w  cond i t i ons  d u r i n g  
a  s i n g l e  experimental  run. Two sampling po r t s  per  c ross-sec t ion  a1 lowed 
sampling on two perpendicu lar  diameters ( one v e r t i c a l  and one h o r i z o n t a l  ) . 
The d i s t r i b u t i o n  o f  t h e  sampling s t a t i o n s  along the  p i p e  i s  shown i n  F ig .  3.1. 
The nurnber of sampling p o i n t s  per  cross s e c t i o n  was determined by 
i n v e s t i g a t i n g  t h e  number of p o i n t s  used i n  prev ious p i p e  m ix ing  experiments, 
F i lmer  and Yevdjevich (1966) found exper imenta l l y  t h a t  t h e i r  ca l cu la ted  
c o e f f i c i e n t s  o f  v a r i a t i o n  d i f f e red  by an average o f  o n l y  3.5% when 28 po in t s  
were sampled i ns tead  of 84 po in t s .  Clayton e t  a1 . (1968) used th ree  r a d i i  
spaced 90' a p a r t  f o r  a  t o t a l  o f  on l y  10 p o i n t s  per  cross-sect ion.  Th i r t een  
sampling p o i n t s  were chosen f o r  t h i s  s tudy a f t e r  cons ider ing  the  r e s u l t s  j u s t  
mentioned and a f t e r  us ing  Ger and Hol l e y ' s  (1974) data w i t h  37 p o i n t s  per  
cross s e c t i o n  t o  analyze the  s e n s i t i v i t y  o f  ca l cu la ted  c o e f f i c i e n t s  o f  va r i a -  
t i o n  t o  nurnber o f  da ta  po in t s .  It was found t h a t  t he  use o f  13 p o i n t s  
near t h e  i n j e c t i o n  where the  concent ra t ion  d i s t r i b u t i o n  was t h e  most non- 
un i fo rm cou ld  g i v e  e r r o r s  o f  as much as 10% o f  the  va lue  o f  Cv, b u t  t h e  e r r o r s  
decreased r a p i d l y  downstream. Since t h e  purpose o f  t h i s  p r o j e c t  was t o  l o c a t e  
the  rnixing d i s tance  f o r  d i f f e r e n t  methods o f  i n j e c t i o n  and n o t  t o  charac ter ize  
the  behavior  of the  j e t  near t he  i n j e c t i o n ,  t h i r t e e n  samplings p o i n t s  were 
considered t o  be adequate. The l o c a t i o n s  of t he  p o i n t s  were determined by 
d i v i d i n g  each cross sec t i on  i n t o  f o u r  equal concent r ic  subareas. Sampling 
po in t s  were loca ted on the  p ipe center l - lne  (center  o f  one subarea) and on the 
ho r i zon ta l  and v e r t i c a l  diameters a t  the  r a d i i  which d i v i d e d  each of the  o ther  
t h ree  subareas i n t o  two equal par ts .  Thus, on the  f o u r  r a d i i  spaced 90' apar t ,  
sarnples were taken a t  r = 1.44", 2.20M, and 2.76" and one sample was taken 
a t  t he  center  of t he  p ipe.  The sarnple from each subarea was assumed t o  rep- 
resent  t h e  concentrat ion f o r  t he  e n t i r e  subarea, i . e .  Wi i n  Eq. 2.2 was taken 
as u n i t y .  Since the  subareas were equal, us ing idi = 1  i s  a l s o  equ iva len t  t o  
assurr~ing a  un i fo rm v e l a c i  ty d i s t r i b u t i o n ,  bu t  t h i s  assumption has a  r ~ e g l  i g i b l e  
e f fec t  on the  values of Cv except very near t he  i n j e c t i o n  (Ger and Hol ley ,  
1974). 
A t  t he  downstrearn end o f  the  brass sampling tube, a  1/8"-I.D. tygon 
tub ing  t ransmi t ted  the  f l o w  t o  a  1  /2"-diameter, 1  " 1  ong c y l  i n d r i c a l  f low 
chamber where the  f l u i d  passed between the  two p la t inum p la tes  o f  a  conduct iv- 
i ty probe s i m i l a r  t o  the  type used by Ger and Hol l e y  (1974). A  1/8"- tub ing  
then discharged the  sample 4  ft. below t h e  p ipe  i n v e r t .  This  arrangement 
gave a  head of approximately 4  ft, which was s u f f i c i e n t  t o  main ta in  a  f low 
r a t e  through t h e  sampler of about 170 rnl/min, and a  sarr~pl i r ~ g  v e l o c i t y  approx- 
imate ly  50% h igher  than the  arnbient f low v e l o c i t y .  The t ime necessary t o  
f l u s h  the  f l o w  chamber and tub ing  w i t h  a  new sarnple was approxirr~ately 15 sec. 
3.4.2 Concentrat ion Detec t ion  C i r c u i t r y  and Instruments 
The s a l t  t r a c e r  concent ra t ion  was detected by measuring t h e  conduc- 
t i v i t y  o f  a  sample w h i l e  i t  f lowed between two para1 l e l  p la t inum p la tes  
(F lg .  3.5), which were the  e lect rodes o f  a  c o n d u c t i v i t y  probe. F igure  3.6 
shows t h e  c i r c u i t r y  and inst ruments used t o  conver t  t he  c o n d u c t i v i t y  measure- 
ment t o  a  d i g i t a l  readout. The c o n d u c t i v i t y  probe was one l e g  of a  wheat- 
stone b r i dge  w i t h  1  KQ r e s i s t o r s  making up the  o the r  t h ree  legs.  The 
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e x c i t a t i o n  of one v o l t  a t500  Hertz  was supp l ied  t o  the  br idge c i r c u i t  by an 
Endevco Signal Condi t ioner  (Model 4470). The br idge output  vo l tage was 
amp1 i f i e d  ( C a r r i e r  Amp l i f i e r ,  Model 4478.1A) and f e d  i n t o  an FM tape recorder  
(P rec i s ion  Instruments, Model P I  6108R), p a r t  o f  which was used f o r  vo l tage-  
frequency conversion. A counter and t i m i n g  gate  (Anadex Counter-Timer, Model 
CF-200R)were used t o  ob ta in  a read-out p ropo r t i ona l  t o  t h e  frequency. A 
vo l t age  r e g u l a t o r  was placed i n  the  power supply l i n e  t o  improve the  e lec-  
t r o n i c  s t a b i  1 i ty o f  t he  instruments. The vo l  tage-frequency conversion and 
the  count ing were used t o  prov ide i n t e g r a t i o n  and t ime averaging of the  turbu- 
l e n t  f l uc tua t i ons  of concentrat ion,  as expla ined below. 
. I n  o rder  t o  check the  1 i n e a r i t y  o f  t he  system, th ree  r e s i s t o r s  
(21n, lKn, and 125Kn) were s u b s t i t u t e d  f o r  t he  c o n d u c t i v i t y  probe i n  the  
br idge c i r c u i t  and the  corresponding frequency was read f o r  each r e s i s t o r .  
The frequency va r ied  from 305 Hz t o  720 Hz and the  f requency-conduct iv i ty  
r e l a t i o n s h i p  was I inear .  
The behavior o f  t he  probe and br idge c i r c u i t  was checked by c a l i -  
b r a t i n g  the  probe fo r  t o t a l  concentrat ions ranging from 5 mg/L t o  1000 mg/L, 
F ig.  3.7 shows t h a t  the  frequency ( c o n d u c t i v i t y )  va r i ed  l i n e a r l y  w i t h  t o t a l  
s a l t  concent ra t ion  up t o  approximately 100 mg/L. Since the  l a r g e s t  measured 
background concentrat ion was about 250 mg/L, some of t he  experiments were 
conducted w i t h  the  probe opera t ing  i n  t he  non l inear  reg ion  of t h e  c a l i b r a t i o n  
curve. I n  s p i t e  o f  t h i s  f a c t ,  t he  c a l i b r a t i o n  curves were e f f e c t i v e l y  
assumed t o  be 1 i n e a r  w i t h  a s lope o f  1 :1 on a l og - l og  graph f o r  t he  range 
of concentrat ions encountered a t  a g iven cross sec t ion .  This  assumption 
was imp l i ed  by the  f a c t  t h a t  a l l  o f  t he  data were analyzed i n  terms of 
frequency ins tead o f  concentrat ion when ob ta in ing  time-averaged concentrat ions 
(see below) and when c a l c u l a t i n g  r e l a t i v e  d i s t r i b u t i o n s  and c o e f f i c i e n t s  of 
v a r i a t i o n .  This  procedure was assumed t o  be adequate s ince  ( 1  ) t he  l a r g e s t  

range of concentrations encountered was 100 mg/L a t  Sta t ion 1 ,  (2 )  f o r  any 
100 mg/L interval  f o r  concentrations between 100 mg/L and 350 mg/L, the  ca l i -  
bration curve can be reasonably approximated by a s t r a igh t  l i n e  w i t h  a 
1 : 1 slope, and (3 )  f o r  most of the cross sect ions ,  the range of measured 
concentrations was considerably l ess  than 100 mg/L and the degree of va l id i ty  
of the  assumption increased w i t h  distance downstream as  the  range of concen- 
t r a t i ons  decreased. 
Sometimes readings became e r r a t i c ,  but t h i s  problem could be corrected 
by cleaning and replatinzing the  electrodes according t o  ins t ruct ions  given 
by Ger and Hol ley (1974). After rep la t in iz ing ,  the probe was recalibrated t o  
verify the  l i nea r i t y  of the probe and the  bridge c i r c u i t .  
The m i n i m u m  concentration t ha t  could be accurately measured by the 
probe and instruments was .0.5 mg/L. The e r rors  i n  the  e n t i r e  s a l t  concentra- 
t ion measuring c i r cu i t ry  including the  probe and instruments may have been 
as large  as 2 1/2%. Measurement of the background concentration w i t h  no 
in ject ion gave Cv values of 0.010 t o  0.015 (1% t o  1 1/2%) on three occasions. 
However, inspection of the Cv data a t  large  Z w i t h  in ject ion indicated 
possible random er rors  of 2 t o  2 1/2%. Holley (1977) discussed indications 
of random er rors  in C v  values. 
Because of the natural turbulence i n  the  pipe flow, i t  was necessary 
t o  measure the  s a l t  concentration a t  a point f o r  a time subs tan t ia l ly  longer 
than the turbulent  time scale .  Samples were measured f o r  40 t o  60 sec. and 
then a time-average value was calculated.  The shor te r  measuring time (40 sec . )  
was used f o r  the  points which were f a r t he r  downstream from the  in ject ion plane 
and which therefore had smaller transverse gradients of concentration and 
small e r  turbul ent  f 1 uctuations of concentration. The timer on the frequency 
counter was s e t  t o  count f o r  10 sec . ,  wait 6 sec .  during which the  reading 
was recorded manually, count 10 sec., e t c .  Using t h i s  technique, 4 t o  6 
frequency readings were taken from t h e  d i g i t a l  d i s p l a y  f o r  each p o i n t .  The 
t ime averaged values c a l c u l a t e d  f o r  each o f  t he  13 p o i n t s  a t  a  cross sec t i on  
were used f o r  f u r t h e r  analyses. 
3.5 TYPICAL EXPERIMENTAL PROCEDURE 
Before a s e r i e s  of experiments was begun f o r  a new i n j e c t i o n  system, 
t he  t ransverse  a l i g r~men t  o f  t h e  j e t  o r  j e t s  was checked f o r  t he  cases w i t h -  
o u t  t he  p r o p e l l e r  i n  t h e  l i n e  by measuring the  t r a c e r  d i s t r i b u t i o n  a long 
t h e  h o r i z o n t a l  diarneter 24 p ipe  diameters downstream from t h e  i n j e c t i o n  plane. 
Adjustments were made t o  the i r l j e c t i o r l  tube al-ignment u n t i l  t h e  t r a c e r  was 
d i s t r i b u t e d  approxirr lately symniet r ica l ly  about t h e  v e r t i c a l  center1 i ne .  
A f t e r  t h e  i n j e c t o r  was a l igned,  t h e  t y p i c a l  experimental  procedure o u t l i n e d  
below was f o l  1  owed. 
( a )  The sump water was thoroughly  mixed by c i r c u l a t i n g  the  water from 
t h e  sump t o  t h e  50 ft. head tank (F ig .  3.1) t o  i nsu re  an i n i t i a l l y  
un i fo rm background concent ra t ion  and temperature. 
( b )  The t r a c e r  was prepared us ing  the  sump water  and a predetermined 
amount o f  s a l t  t o  g i v e  an u l t i m a t e  s a l t  concen t ra t i on  o f  about 
20 mg/R above t h e  background concent ra t ion .  I f  both  rese rvo i  r s  
were needed, the  t r a c e r  s o l u t i o n  was r e c i r c u l a t e d  from one t o  t h e  
o t h e r  f o r  30 min. t o  make sure t h a t  t he  s a l t  was d i s t r i b u t e d  u n i -  
formly i n  bo th  r e s e r v o i r s .  Methanol was added i f  needed t o  a d j u s t  
t h e  dens i ty .  
( c )  The des i red  f l o w  was es tab l i shed  i n  t h e  p ipe  and the  d ischarge was 
measured us ing t h e  weighing tank a t  t h e  end of t h e  p i p e l i n e .  
(d )  Based on t h i s  measured discharge, t he  i n j e c t i o n  f l o w r a t e  was calcu-  
l a t e d  f o r  a predetermined Mr va lue (Eq. 2.4).  
( e )  The background s a l t  concent ra t ion  (background frequency) i n  t h e  
p ipe  f l o w  was measured. 
( f )  S t a r t i n g  a t  t h e  f i r s t  sampl i n g  s t a t i o n  and con t i nu ing  downstream, 
t h e  s a l t  concent ra t ion  f o r  each o f  t h e  13 p o i n t s  a t  each s t a t i o n  
was measured as descr ibed i n  Sec t ion  3.3.2. The p ipe  and t r a c e r  
i n j e c t i o n  f l o w  were never tu rned o f f  du r i ng  t h e  experiment. However 
t h e  i n j e c t i o n  f l o w r a t e  was checked f requen t l y .  Readjustments were 
occasional l y  needed t o  keep t h e  f lowra te  constant .  
( g )  A f t e r  complet ing the  t r a c e r  concent ra t ion  measurements f o r  a l l  t h e  
cross-sect ions, t h e  i n j e c t i o n  was tu rned o f f  and the  background 
concent ra t ion  was measured again. 
The immediate avai  l a b i l  i ty  o f  t he  frequency (concent ra t ion)  readings 
proved t o  be q u i t e  use fu l  . f o r  recogn iz ing  problems t h a t  arose w i t h  t h e  
4 
instruments o r  hyd rau l i c  c i r c u i t  du r i ng  an experiment. For example, i f  the  
i n j e c t i o n  f l o w r a t e  changed s i g n i f i c a n t l y ,  t he  t r a c e r  concent ra t ion  measure- 
ments would dev ia te  from the  t rend  es tab l i shed before t h e  change and 
immediate adjustments could be made. 
3.6 DESCRIPTION AND SUMIYARY OF EXPERIMENTS 
Sorne o f  t he  experiments performed by Ger and Ho l l ey  (1974) and o ther  
researchers were repeated i n  order  t o  compare r e s u l t s  and t o  check the  exper- 
imenta l  techniques developed fo r  t h i s  study. One such experinlent was a w a l l  
source, 1 .e. an i n j e c t i o n  made a t  t h e  p ipe  wal I and made w i t h  no apprec iable 
momentum, The r e s u l t s  obta ined f o r  Cv a re  shown I n  F igure  3.8. The data 
from t h i s  study are  i n  good agreement w i t h  t h e  da ta  from t h e  o the r  s tud ies .  
Therefore, i t  was cone1 bded t h a t  t he  experimental  techniques were s a t i s f a c t o r y ,  
A comparison was a l s o  made between the  present  work and r e s u l t s  of 
Ger and Ho l ley - (1974)  f o r  a  90° j e t  w i t h  an optimum momentum r a t i o .  F ig .  3.9 
a3~nos LLPM auo JOJ UO~JP~JPA 40~ua~3~jjao3 - 8.E -6ky 
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F i g .  3 .9  - C o e f f i c i e n t  o f  v a r i a t i o n  f o r  optimum s i n g l e  
900 j e t  i n j e c t i o n  
shows t h a t  t h e  m ix i ng  d i s tance  measured by t h e  p resen t  work i s  s i g n i f i c a n t l y  
l e s s  than t h e  d i s tance  measured by Ger and Hol l e y  (1974) .  An i n s p e c t i o n  o f  
Ger and H o l l e y ' s  data revea l s  t h a t  t h e  j e t  apparen t l y  was n o t  a l i g n e d  symmetri- 
c a l l y  about t h e  v e r t i c a l  cen te r1  i n e  o f  t h e  p i pe  and t h i s  asymmetry r e s u l t e d  i n  
a  l onge r  m ix i ng  d i s tance  (see Chapter 2 ) .  The e f fec ts  o f  t h e  asyrnnletry were 
a l s o  i n h e r e n t  i n  t h e i r  numerical rnodel s i n c e  drag and en t ra inment  c o e f f i c i e n t s  
f o r  t h e  j e t  were ob ta ined  from t h e  measured concen t ra t i on  d i s t r i b u t i o n s  (Ger 
and Hol 1  ey , 1974). 
The major  o b j e c t i v e  of  t h i s  research p r o j e c t  was t o  i d e n t i f y  those 
i n j e c t i o n  systerrls which promote r a p i d  m ix i ng  i n  t h e  p i p e  f l o w .  The i n j e c t i o n  
systems i n v e s t i g a t e d  f e l l  i n t o  two ca tego r i es .  The f i r s t  ca tegory  was s i n g l e  
j e t s  w i t h  angles of i n j e c t i o n  ( a )  o f  go0, 120°, 135' and 150'. By t u r n i n g  t h e  
j e t  upstream aga ins t  t h e  ambient f l o w  (a  > go0),  i n i t i a l  m i x i n g  was more r a p i d  
because t he  j e t  was more v i g o r o u s l y  sheared and broken up by t h e  p i pe  f low. 
As rr increased toward 180' ( c o u n t e r f l  ow), t h e  i n i t i a l  m i x i ng  increased,  b u t  a t  
t h e  c o s t  of a  g r e a t e r  power requi rement .  As po in ted  o u t  i n  Chapter 2, t h e  
most r a p i d  mix ing,  i . e .  t h e  most r a p i d  decrease i n  Cv, occur red  when t h e  j e t  - 
i n j e c t i o n  caused t h e  t r a c e r  d i s t r i b u t i o n  t o  be rnost n e a r l y  symmetr ical  about 
* 
t h e  p i pe  c e n t e r l i n e .  For each o f  t h e  f o u r  angles,  t h e  momentum r a t i o  (Mr) which 
r e s u l t e d  i n  t h e  rnost r a p i d  decrease i n  Cv and i n  t h e  rnost n e a r l y  symmetr ical  
concen t ra t i on  d i s t r i b u t i o n s  was exper i r r~enta l  l y  determined. 
For  t h e  second ca tegory  o f  i n j e c t i o n s ,  s i m i l a r  exper inients were con- 
ducted us ing  two 90' j e t s  o r i g i n a t i n g  a t  t h e  p i p e  w a l l  and p o s i t i o n e d  a t  t h e  
t o p  and bottom o f  t h e  p i p e  d i a m e t r i c a l l y  oppos i t e  t o  each o t h e r .  By us ing  
two j e t s ,  t h e  t r a c e r  was i n i t i a l l y  d i s t r i b u t e d  over  a  g r e a t e r  area than if one 
j e t  was used. 
The e f f e c t  which secondary c u r r e n t s  i n  t h e  p i p e  f l o w  had on t h e  
* 
m ix i ng  d i s tance  was s tud ied  a f t e r  f i n d i n g  Mr f o r  each o f  t h e  i n j e c t i o n  systems. 
A secondary c u r r e n t  was c rea ted  by a  f i xed ,  t h r e e  b laded p r o p e l l e r  which was 
p o s i t i o n e d  13.5 p i p e  d iameters  upstream f r om t h e  i n j e c t i o n  p lane.  The pro-  
p e l l e r  i s  shown i n  F i g .  3.10. The p r o p e l l e r  c rea ted  a  s i n g l e - c e l l  secondary 
c u r r e n t .  Dye i n j e c t i o n s  i n d i c a t e d  t h a t  t h e  wa te r  r o t a t e d  360' i n  a  f l ow 
l e n g t h  of 4  ft o r  8 d i a .  (F ig .3 .11) .  The a d d i t i o n a l  t u rbu lence  c rea ted  by t h e  
f i x e d  propel  l o r  p laced i n  t h e  f l o w  was n o t  determined. However, i t  was 
apparent t h a t  t h e  p r o p e l l e r  and i t s  suppor ts  c rea ted  a  s i g n i f i c a n t  d is tu rbance .  
A summary of a l l  t h e  success fu l  exper iments i s  g i ven  i n  Table  3.1. 
Unsuccessful  exper iments i n c l u d e d  those  i n  which t h e  ins t ruments  f a i  l e d  t o  
ope ra te  p r o p e r l y  o r  t h e  i n j e c t i o n  became unsteady. Column 1  i s  a  b r i e f  
d e s c r i p t i o n  of t h e  i n j e c t i o n  t y p e  and Column 2  i s  t h e  r u n  number f o r  each 
i n j e c t i o n  type.  Columns 3  and 4  a r e  t h e  ambient f l o w  v e l o c i t y  and Reynolds 
number and Columns 5  and 6  a r e  t h e  j e t  f l o w  v e l o c i t y  and Reynolds number. 
The momentum r a t i o  as d e f i n e d  by Eq. 2.4 i s  g i ven  i n  Column 7. The r e l a t i v e  
p o s i t i o n  o f  t h e  t r a c e r  c loud  w i t h  r espec t  t o  t h e  h o r i z o n t a l  d iameter  a t  
t h e  f i r s t  measurement cross s e c t i o n  i s  g i ven  i n  Column 8 as an ove rpene t ra t i on  
(+), an underpene t ra t ion  ( - ) ,  o r  n e a r l y  symmetr ical  about  t h e  c e n t e r l i n e  ( 0 )  
f o r  t h e  s i n g l e  j e t  and as a  r e l a t i v e  l o c a t i o n  f o r  t h e  dual  j e t s ,  i . e .  a  = 
dear q u a r t e r  p o i n t s  and b  = between q u a r t e r  p o i n t s  and c e n t e r l i n e .  
TABLE 3.1 SUMMARY OF EXPERIMENTS 
Type o f  Comments on 
I n j e c t i o n  Run # V,,(fps) P v j ( f p s )  j Tracer  Cloud Mr ( S e e T e x t )  
Wal l  Source A1 0 . 7 9  32,500 - - 0.0038 
A2 0 .79  37,300 - - 0.0038 
S i n g l e  . B 1 0 .72 35,300 4.07 4160 0.0138 0 
90' j e t  B2 0 .69  31 ,500 4.07 3890 0.0151 + 
B3 0 .72 32,800 4.07 3890 0.0140 + 
B 4 0 . 7 3  33,500 3.91 3730 0.01 24 - 
B 5 0 . 7 5  34,300 4.26 4070 0.0140 + 
S i n g l e  C 1 0 .72 37,500 4.73 5150 0.0188 - 
120' j e t  C2 0.69 36,100 4.61 5020 0.0193 - 
C 3 0 .67 35,100 4.75 5180 0.0216 + 
S i n g l e  Dl 0 .73 36,500 6.40 6700 0.0337 - 
135' j e t  D2 0.72 35,600 6.69 6920 0.0377 - 
D3 0.72 34,800 6.75 6810 0.0382 - 
D4 0.77 35,600 7.28 7050 0.0390 - 
D5 0.76 35,400 7.72 7480 0.0446 - 
D 6 0 .71 33,200 7.28 7050 0.0450 0 
S i n g l e  E 1 0.71 32,400 11.62 11100 0.1170 + 
150' j e t  E 2 0.74 32,400 11.27 10320 0.1009 + 
E3 0.72 31,500 10.45 9570 0.0916 + 
E 4 0.73 31,200 10.33 9200 0.0868 + 
E 5 0.73 31,200 9.74 8670 0.0773 - 
- 
Dual 90' F 1 0.96 36,800 2.93 2320 0.0040 a 
j e t  F2 0.97 37,600 3.13 2520 0.0045 a 
F 8 0.69 27,500 3.32 2680 0.0100 b 
Induced S w i r l  G I  0.71 31,300 4.05 3700 0.0140 - 
S i n g l e  90' j e t  
Induced S w i r l  62 0.67 30,000 3.23 3000 0.01 00 - 
Dual 90' j e t  
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4. RESULTS AND DISCUSSION 
4.1 SINGLE JET INJECTIONS 
The s i n g l e  j e t  i n j e c t i o n  experiments consis ted o f  an i n j e c t i o n  tube 
pos i t i oned  a t  t h e  t o p  of t h e  p ipe  w i t h  one end f l u s h  w i t h  t h e  p ipe  w a l l  and 
o r i en ted  a t  angles of go0, 120°, 135' and 150' r e l a t i v e  t o  t he  ambient f low.  
The NaCl concentrat ionwasmeasured a t  t h i r t e e n  p o i n t s  over  t h e  cross sec t i on  
(Sec t ion  3.4 ) f o r  var ious sampl-i ng s t a t i o n s  downstream from t h e  i n j e c t i o n  p o i n t  
(F ig .  3.1 ) .  The concen t ra t i o r~  data were normal ized w i t h  respec t  t o  t he  cross sec- 
t i o n a l  average concentrat ion.  The normal ized concent ra t ion  data c o l l e c t e d  f o r  each 
experiment a re  g iven  i n  Appendix A. Sorne t y p i c a l  concent ra t ion  d i s t r i b u t i o n s  
a re  discussed l a t e r .  
4.1.1 C o e f f i c i e n t  o f  V a r i a t i o n  
The c o e f f i c i e n t  of v a r i a t i o n ,  Cv (Eq. 2.2), was ca l cu la ted  us ing  the 
concent ra t ion  da ta  c o l  1  ected f o r  each experiment. The we igh t ing  c o e f f i c i e n t ,  
W was s e t  equal t o  u n i t y  f o r  a l l  i because t h e  13 measurement p o i n t s  represent-  i ' 
ed equal subareas and t h e  e f f e c t s  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  were assumed 
t o  be n e g l i g i b l e  (Ho l l ey  and Ger, 1978). F igures 4.1, 4.2, 4.3 and 4.4 
show semi-log graphs o f  C v  vs Z (Eqs. 2.7 and 2.8) f o r  each o f  t he  angles 
o f  i n j e c t i o n .  The j e t  and ambient f l o w  cond i t i ons  f o r  each o f  t he  exper i -  
ments a re  g iven i n  Table 3.1, 
The concent ra t ion  d i s t r i b u t i o n s  showed t h a t  t he re  was an inc reas ing  
amount o f  s c a t t e r  as t he  d i s t r i b u t i o n s  became more uni form.  The f l u c t u a t i o n s  
i n  t he  background s a l t  concent ra t ion  and the  random e r r o r s  i n  t h e  measure- 
ments had a  n e g l i g i b l e  e f f e c t  on C f o r  t h e  h i g h l y  nonuniform concent ra t ion  
v  
d i s t r i b u t i o n s  near t h e  p o i n t  o f  i n j e c t i o n .  However, t he  experimental  i n -  
accuracies becatye p rog ress i ve l y  more s i g n i f i c a n t  w i t h  i nc reas ing  u n i f o r m i t y  
48 
o f  t h e  concen t ra t i on  d i s t r i b u t i o n s  and w i t h  i n c r e a s i n g  f l o w  d is tance .  By 
comparing t he  emp i r i ca l  l o g  Cv vs Z curves t o  t h e  genera l  a n a l y t i c a l  behav io r  
o f  l o g  Cv  vs Z curves (F ig .  2.1 ), i t  was es t imated  t h a t  Cv  va lues equal t o  o r  
1 ess than approx imate ly  0.02 represen ted  random measurement e r r o r s  r a t h e r  
than degree of u n i f o r m i t y  of t he  concen t ra t i on  d i s t r i b u t i o n  (Sec t i on  2 .2 ) .  
Thus, t h e  va lues of C v  below 0.02 a r e  n o t  n e c e s s a r i l y  r e 1  i a b l e  and some of 
t h e  p o i n t s  f o r  0.02 < Cv  < 0.025 may be ques t ionab le .  
4.1.2 Optimum Momentum R a t i o  
One o b j e c t i v e  of t h e  s i n g l e  j e t  i n j e c t i o n  exper iments was t o  f i n d  t h e  
* 
optimum momentum r a t i o ,  Mr, f o r  va r i ous  angles o f  t h e  j e t  r e l a t i v e  t o  t h e  
ambient f l ow .  For each a ,  Mr was v a r i e d  t o  p rov ide  concen t ra t i on  da ta  f o r  
* 
e s t i m a t i n g  Mr. FromtheCv graphs shown i n  F igures 4.1, 4.2, 4.3 and 4.4, 
* 
approximate Mr va lues were determined. I n  some cases a  c l e a r  d e f i n i t i o n  of 
* 
Mr cou ld  n o t  be ob ta ined  from j u s t  t h e  l o g  Cv  vs Z graphs. Thus, some of 
* 
the  Mr va lues were se lec ted  by s tudy ing  bo th  C and t h e  concen t ra t i on  da ta .  
v  
* 
Mr cou ld  have been i d e n t i f i e d  by t h e  symmetry o f  t he  concen t ra t i on  d i s t r i -  
bu t i ons  about t h e  h o r i z o n t a l  d iameter  i f  t h e  j e t s  ma in ta ined  a  c i r c u l a r  
shape as they  were spreading and i n t e r a c t i n g  w i t h  t h e  ambient f low.  
(Symmetry about t h e  v e r t i c a l  d iameter  r e l a t e s  t o  a l ignment  of t h e  j e t . )  
However, due t o  t h e  horseshoe o r  k idney  shape which develops f o r  j e t s  i n  
crossf lows (Fan, 1967), t h e  maximum measured concen t ra t i on  f o r  optimum 
c o n d i t i o n s  cou ld  a c t u a l l y  be somewhat below t h e  c e n t e r l i n e  f o r  some cross 
sec t i ons .  For optimum c o n d i t i o n s  i t  was n o t  uncommon t o  have t h e  rnaxl'murn 
concen t ra t i on  near t h e  cen te r1  i n e  a t  S t a t i o n  1  and below the  c e n t e r l i n e  
(say a t  r / R  = 0.1 t o  0 .2)  f o r  S t a t i o n s  2  and 3, A t  S t a t i o n  4  t h e  P  
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diameter.  F ig .  4.5 shows t h i s  behav io r  i n  t h e  concen t ra t i on  d i s t r i b u t i o n s  
w h i l e  F i g .  4.6 shows a  case w i t h  an ove rpene t ra t i ng  j e t .  
The concen t ra t i on  da ta  show t h a t  i t  became p r o g r e s s i v e l y  more d i f f i -  
c u l t  t o  ma in ta i n  t ransverse  symmetry o f  t h e  j e t  as a was increased.  The 
r e s u l t s  o f  t h i s  asymmetry can be seen i n  t h a t  t h e  Cv va lues f o r  a = 135' and 150° 
and f o r  t h e  l a s t  2  o r  3  measurement s t a t i o n s  tend t o  break away f rom a  1  i n e  
w i t h  t h e  "symmetr ica l "  s lope.  The concen t ra t i on  d i s t r i b u t i o n s  f o r  Run 06 
appear t o  be more n e a r l y  symmetr ical  i n  t h e  t r ansve rse  d i r e c t i o n  than most 
o f  t he  d i s t r i b u t i o n s  f o r  t h e  l a r g e r  a values. T h i s  n e a r l y  symmetr ical  
s i t u a t i o n  may be t h e  reason t h a t  t h e  Cv va lues ( F i g .  4.3) f o r  Run 06 a re  
n o t i c e a b l y  sma l l e r  than  f o r  t h e  o the r  runs  w i t h  a = 135'. 
I n  some cases t h e  optimum Mr had t o  be i d e n t i f i e d  by i n t e r p o l a t i o n .  
For example, f o r  a = go0, t h e  concen t ra t i on  da ta  showed a  s l i g h t  underpene- 
t r a t i o n  a t  S t a t i o n s  3  and 4  f o r  M, = 0.0124 and a  s l i g h t  over -pene t ra t ion  a t  
* 
t h e  same s t a t i o n s  f o r  Mr = 0.0138 and 0.0140. Thus, Mr was es t imated  t o  
be 0.013. T h i s  va lue  i s  17% lower  than t h e  va lue  g i ven  by Ger and Ho l l ey  
(1974). P a r t  of t h e  d i f fe rence  may be due t o  t he  f a c t  t h a t  t h e  p resen t  va lue 
was se lec ted  by i n t e r p o l a t i o n .  P a r t  o f  t h e  d i f f e r e n c e  may a l s o  be due t o  
t h e  s l i g h t  misa l ignment  of t h e  j e t s  i n  Ger and H o l l e y ' s  (1974) work, as d i s -  
cussed i n  Sec t ion  4.3. 
By f o l l o w i n g  t h e  same procedure o f  s tudy ing  Cv and concen t ra t i on  data,  
* 
t h e  Mr va lue  was s e l e c t e d  f o r  each a. The va lues a r e  g i ven  i n  Table 4.1 
* 
a long w i t h  t h e  va lue  o f  Zm, i . e .  Z a t  which Cv = 0.03 f o r  Mr = Mr. (See 
Sec t ion  4.1.3.) 
Ser ies  E f o r  a = 150' was t h e  o n l y  s e r i e s  i n  which Mr va lues s i g n i f i -  
* 
c a n t l y  g r e a t e r  than Mr were used. The Cv  da ta  ( F i g .  4.4) tend  t o  i n d i c a t e  
* 
t h a t  us ing  Mr > Mr cou ld  g i v e  more m ix i ng  and sma l l e r  Cv values f o r  smal l  Z  
* 
than e x i s t e d  f o r  .Mr = Mr. T h i s  behavior  cou ld  have been due t o  t he  inc rease  
dcl O'LI = 7 

Table 4.1 SUMMARY OF OPTIMUM SINGLE JET INJECTIONS 
Angle o f  I n j e c t i o n  Optimum Momentun1 R a t i o  Dirr~ensionless M ix i ng  D is tance  
a M*, zm 
Zm = Z f o r  Cv = 0.03 
* 
i n  j e t  m i x i ng  as Mr increased.  However, us i ng  Mr > Mr gave asymmetr ical  
concen t ra t i on  d i s t r i b u t i ~ n s  $0 t h a t  t h e  Cv curves tended t o  have a  sma l l e r  
* 
s lope  f o r  l a r g e  Z and gave l a r g e r  m i x i n g  d is tances  than  Mr = Mr i f  t h e  
m ix i ng  d i s tance  i s  based on a  smal l  va lue  o f  C v  ( say  0.03).  There i s  some 
s l i g h t  i n d i c a t i o n  o f  t h i s  behav io r  f o r  Ser ies  B and C (F i gs .  4.1 and 4.2).  
* 
For Ser ies  D, t h e r e  were no exper iments w i t h  Mr > Mr. I n  f a c t ,  t h e  concen- 
t r a t i o n  d i s t r i b u t i o n s  i n d i c a t e  t h a t  t h e  maximum Mr used f o r  Se r i es  D may have 
* 
been s l i g h t l y  t o o  smal l  t o  be Mr. 
4.1.3 E f f e c t  o f  a on t h e  M ix i ng  D is tance  
Another o b j e c t i v e  o f  t h e  s i n g l e  j e t  exper iments was t o  determine how 
much r e d u c t i o n  i n  t h e  m ix i ng  d i s tance  cou ld  be achieved by i n c r e a s i n g  a. The 
va lue  o f  Z f o r  C v  = 0.03 was chosen as t h e  p o i n t  where t h e  m i x i n g  d is tances  
were t o  be compared f o r  each o f  t h e  a angles. The m i x i n g  d i s tances  determined 
us ing  C v  on t h e  o rde r  o f  0.02 o r  sma l l e r  would n o t  have been r e l i a b l e  because t h e  
Cv va lues begin t o  r e f l e c t  t h e  random measurement e r r o r s  r a t h e r  than t h e  
u n i f o r m i t y  o f  t h e  concen t ra t i on  d i s t r i b u t i o n .  
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4.2.1 C o e f f i c i e n t  of V a r i a t i o n  
The c o e f f i c i e n t  o f  v a r i a t i o n  was obta ined f rom the  concent ra t ion  
data g iven i n  Appendix A.  The graph o f  l o g  C vs Z f o r  var ious  Mr values 
v  
i s  shown i n  F ig .  4.10. Because the  i n j e c t o r s  were loca ted  on the  t o p  and 
bottom o f  t h e  pipe, t h e  rr~axirr~um concentrat ions occurred along t h e  v e r t i c a l  
diameter and the  minimurn concentrat ions occurred along t h e  h o r i z o n t a l  diameter. 
Therefore, t he  measured concentrat ions represented e i t h e r  t h e  maximum o r  
t h e  minimum value f o r  each subarea, r a t h e r  than represent ing  an average 
value. Consequently, Cv ca l cu la ted  us ing  on l y  13 p o i n t s  was s l i g h t l y  l a r g e r  
than t h e  ac tua l  Cv.  The e r r o r s  due t o  o r i e n t a t i o n  of t h e  sampling diameters 
r e l a t i v e  t o  t h e  nonuniform concent ra t ion  d i s t r i b u t i o n  decreased w i t h  inc reas ing  
d is tance downstream and t h e r e f o r e  should have had a  n e g l i g i b l e  e f fec t  on the  
eva lua t ion  on t h e  mix ing  d is tance based on small C values, say C v  < 0.05. 
v  
4.2.2 Optimum Momentum Ra t i o  
(For t he  two j e t  i n j e c t i o n s ,  Mr r e f e r s  t o  t h e  morr~entum r a t i o  f o r  
each j e t ,  n o t  t o  t he  combined momentum.) 
From Fig.  4.10 and from studying graphs o f  t h e  concent ra t ion  d i s t r i -  
* 
bu t ions  which a re  tabu la ted  i n  Appendix A, t he  optimum momentum r a t i o ,  Mr, 
was determined t o  be i n  t he  range o f  0.006 t o  0.010. Unfor tunate ly ,  f o r  
* 
two reasons, i t  was n o t  poss ib le  t o  determine Mr more p r e c i s e l y .  One of the  
reasons i s  t h a t  t h e  mix ing  was r a p i d  enough t h a t  most o f  t he  concent ra t ion  
d i s t r i b u t i o n s  a t  S t a t i a n  4  ( Z  = 0.281) f o r  0.006 < 0.010 showed l i t t l e  5 Mr - 
v a r i a t i o n  from the  average concent ra t ion  and s i g n i f i c a n t  s c a t t e r  i n  t he  data 
po in t s .  Therefore, t he  Cv  values a t  S t a t i o n  4  f o r  0.006 - < Mr 5 0.010 were 
so small t h a t  they may be p r i m a r i l y  rep resen ta t i ve  o f  random e r r o r s  r a t h e r  
than of degree o f  mix ing.  The second reason i s  t h a t  t h e r e  a re  some apparent 
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incons is tenc ies  i n  t h e  C v  values a t  S t a t i o n  3  (Z = 0.205). If t h e  Cv va lue 
f o r  Run F3 were c o r r e c t  i n  i n d i c a t i n g  a  t r e n d  away from the  "symmetr ical"  
slope, then C V  a t  s t a t i o n  4  should have been about 0.03 o r  g rea te r  and there-  
fo re  could have been measured w i t h  minor  experimental  e r r o r ,  bu t  such was 
no t  t h e  case. For Run F5, t he  s lope i n d i c a t e d  by the  Cv values f o r  S ta t i ons  
2  and 3  (Z = 0.129 t o  0.205) i s  s teeper  than t h e  l 'symmetricall '  s lope and 
the re fo re  apparent ly  u n r e a l i s t i c .  I t was assumed t h a t  C v  f o r  S t a t i o n  3  
(Z = 0.205) was t o o  smal l  f o r  Run F5 s ince  t h e  values f o r  S ta t i ons  1  and 2  
(Z = 0.053 and 0.129) f e l l  on a  l i n e  having t h e  "symmetr ical"  s lope and 
t h e r e f o r e  tended t o  suppor t  each o ther .  An i n s p e c t i o n  o f  t he  concent ra t ion  
* 
d i s t r i b u t i o n s  d i d  n o t  he lp  t o  i d e n t i f y  t he  Mr s i nce  t h e  d i s t r i b u t i o n s  a l l  
had t h e  same general  c h a r a c t e r i s t i c s  f o r  Runs F3, F4 and F5. The C v  values 
g i v e  s l i g h t  suppor t  t o  s e l e c t i o n  o f  0.010 as t h e  optimum Mr s ince  Run F5 
had the  lowest  Cv a t  S t a t i o n  2  and as mentioned, t he  s lope from S t a t i o n  1  
t o  S t a t i o n  2  i s  t he  "symmetr ical"  s lope. 
From F ig .  4.10, f o r  Mr = 0.010 the  dimensionless m ix ing  d is tance,  Z,.,.,, 
def ined by C v  = 0.03 was found t o  be 0.225 f o r  t h e  dual 90' j e t  i n j e c t i o n s .  
An optimum, s i n g l e  135' j e t  i n j e c t i o n  produced a  s i m i l a r  m ix ing  d is tance 
(0.2251, b u t  requ i red  an M* o f  0.019. 
r 
4.2.3 Comparison With Two P o i n t  Sources 
The experiments w i t h  a  s i n g l e  j e t  i n j e c t i o n  i n d i c a t e d  t h a t  us ing  
the  optimum momentum r a t i o  produced concent ra t ion  d i s t r i b u t i o n s  which were 
symmetrical about t h e  p ipe  center  l i n e  a t  l a r g e  Z ' s  and which, i n  a  sense, 
could t h e r e f o r e  be viewed as being produced by a  v i r t u a l  cen ter1  i n e  source 
l oca ted  upstream o f  t h e  ac tua l  i n j e c t i o n  l o c a t i o n .  The c e n t e r l i n e  i s  t h e  
optimum l o c a t i o n  f o r  a  s i n g l e  passive source, so t h a t  t h e  r e s u l t s  f o r  a  
s i n g l e  j e t  i n d i c a t e d  t h a t  optimum i n j e c t i o n  was ob ta ined  when t h e  momentum 
r a t i o  was s u f f i c i e n t  t o  c a r r y  t h e  c e n t e r  o f  t h e  i n j e c t e d  t r a c e r  t o  t h e  
optimimum l o c a t i o n  of a  pass ive source. ( A l s o  see F ig .  2.1 and r e l a t e d  
d i scuss ion  i n  Sec t i on  2.2.)  
I n  v iew of these r e s u l t s  f o r  a  s i n g l e  i n j e c t i o n ,  t h e  a n a l y t i c a l  
s o l u t i o n  (Ho l l ey ,  1977; H o l l e y  and Ger, 1978) f o r  m i x i n g  downstream o f  p o i n t  
sources was used t o  determine t h e  optimum l o c a t i o n  f o r  two p o i n t  sources 
l oca ted  on oppos i te  ha lves  of t h e  same d iameter  w i t h  each source be ing a 
d i s t ance  p '  = r l / R  from the  c e n t e r l i n e .  The v a r i a t i o n  o f  Zm f o r  CV = 0.03 P  
i s  i l l u s t r a t e d  i n  F i g .  4.11, Frorn t he  f i g u r e ,  a  minimum m i x i n g  d i s tance  o f  
0.237 occurred f o r  p '  = 0.53, which i s  v i r t u a l l y  t h e  q u a r t e r  p o i n t  of t h e  
diameter.  From t h i s  a n a l y t i c a l  approach, i t  was assumed t h a t  Mr f o r  t h e  dual 
j e t s  should be ad jus ted  t o  produce j e t s  which pene t ra te  t o  t h e  q u a r t e r  p o i n t s  
of  t he  diameter.  Eq. 2.15 was used t o  es t ima te  t h e  r e q u i r e d  Mr. If sub-1 
represen ts  j e t s  p e n e t r a t i n g  t o  t he  c e n t e r l i n e  ( y / ~  = 1/2) and sub-2 represen ts  
P  
j e t s  p e n e t r a t i n g  t o  t h e  q u a r t e r  p o i n t s  (y/D = 1/4) ,  then  f rom Eq. 2.15, P  
Based on t h i s  reasoning,  Runs F1 and F2 were conducted w i t h  Mr = 0.003 
and 0.004. However, t h e  Cv va lues ( F i g .  4.10) f o r  smal l  Z  ( S t a t i o n s  1, 2  
and 3)  were o n l y  s l i g h t l y  sma l l e r  than would be expected f o r  two w a l l  sources 
and were t he re fo re  l a r g e r  than t h e  c a l c u l a t e d  values f o r  two sources a t  
p '  = 0.53. Also, a t  S t a t i o n  4, t h e  Cv va lues i n d i c a t e d  a  t r e n d  b reak ing  
away from t h e  "symmetr ica l "  s lope,  The apparent reasons f o r  these r e s u l t s  
can be seen i n  t he  concen t ra t i on  d i s t r i b u t i o n s  i n  F i g .  4.12. The d i s t r i b u -  
t i o n s  f o r  t h e  v e r t i c a l  d iameter  f o r  S t a t i o n s  1  and 2  do n o t  show symmetry 
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about t h e  qua r te r  p o i n t s  b u t  r a t h e r  have s i g n i f i c a n t l y  h ighe r  concentrat ions 
a t  t h e  w a l l  than a t  t he  c e n t e r l  i ne .  From a l l  of t he  d i s t r i b u t i o n s  g iven i n  
Appendix A f o r  runs F1 through F8, i t  can be seen, i n  s p i t e  of t h e  e f f o r t s  
even under 1  aboratory cond i t i ons  t o  achieve symmetry about t h e  h o r i z o n t a l  
diameter, t h a t  such symmetry was n o t  achieved, 
The concent ra t ion  d i s t r i b u t i o n s  i n  F ig .  4.13 f o r  Mr 0.010 are  
t y p i c a l  of t h e  r e s u l t s  f o r  Runs F3 - F5 w i t h  Mr = 0.006 - 0.010 and i n d i -  
c a t e  t h a t  optimum cond i t i ons  f o r  un i fo rm f l o w  were obta ined by causing the  
j e t s  t o  penet ra te  somewhat pas t  t he  qua r te r  p o i n t s  of t he  diameter.  With 
t h e  maximum concent ra t ion  between the  qua r te r  p o i n t s  and t h e  c e n t e r l  ine,  
t h e  ambient d i f f u s i o n  caused the  maximum concent ra t ion  t o  move t o  t he  
c e n t e r l  ine .  The reason f o r  t h i s  behavior can be seen by v i s u a l i z i n g  a  two- 
peak concent ra t ion  d i s t r i b u t i o n  ( s i m i l a r  t o  t h e  one f o r  t h e  v e r t i c a l  diameter 
f o r  S t a t i o n  1  i n  F ig.  4.12). D i f f u s i o n  moves mass from the  two reg ions  of 
h igh  concent ra t ion  t o  t h e  th ree  regions o f  low concent ra t ion .  If the  j e t s  
penet ra te  past  t h e  qua r te r  po in t s ,  then t h e  concent ra t ion  on t h e  c e n t e r l i n e  
w i l l  be h igher  than the  concent ra t ion  a t  t h e  w a l l s  ( c o n t r a r y  t o  S t a t i o n  1  
i n  F ig .  4.12). The d i f f u s i o n  from t h e  l a r g e  concent ra t ions  w i l l  "fill i n "  
t h e  d i s t r i b u t i o n  i n  the  cen te r  o f  t he  p ipe  f a s t e r  than a t  t h e  w a l l s  s i nce  
the re  i s  l e s s  t o  "fill i n " .  Then d i f f u s i o n  w i l l  t ake  p lace  o n l y  toward the  
w a l l  and t h e  maximum concent ra t ion  w i l l  be i n  t h e  c e n t r a l  p o r t i o n  of t h e  
pipe. Apparent ly,  s i nce  i t  i s  n o t  poss ib le  t o  o b t a i n  t h e  p rec i se  symmetry 
which e x i s t e d  i n  t h e  computations l ead ing  t o  F ig .  4.11, t h e  p r a c t i c a l  
optimum i s  f o r  pene t ra t i on  pas t  t h e  q u a r t e r  p o i n t s  o f  t he  diameter t o  
o b t a i n  d i s t r i b u t i o n s  as shown i n  F ig .  4.13. 
0 Vertical Diameter, Left Side of Fig. = Bottom of Pipe 
x Horizontal Diameter, Left Side of Fig. = Lef t  Side of Pipe 
Dimensionless Radius, r /Rp Dimensionless Rod ius , r/Rp 
4 0.85 0 I 
Dimensionlers Radius, r /  Rp 
8 0.85 0 I 
Dimensionless Radius, r/Rp 
Fig. 4.13 - Concentration distributions for dual 90' jets 
( ~ u n  ~ 8 )  
4.3. EFFECTS OF JET PIISALIGNMENT 
F igu re  2.1 shows CV c a l c u l a t e d  f rom t h e  a n a l y t i c a l  s o l u t i o n  of t he  
mass balance equat ion  (Sec t i on  2.3) f o r  s i n g l e  p o i n t  sources l oca ted  between 
t h e  p i pe  w a l l  and c e n t e r l i n e .  I n s p e c t i o n  o f  t h e  r e s u l t s  i n d i c a t e s  t h a t  t h e  
m ix i ng  d i s tance  as def ined by Z  f o r  some Cv i s  more s e n s i t i v e  t o  a  source 's  
be ing  o f f  t h e  cen te r  a  s h o r t  d i s t ance  than  t o  be ing moved inward f rom t h e  
p i p e  w a l l  a  s h o r t  d is tance .  For example, t h e  m i x i n g  d i s tance  as def ined by 
Zm f o r  Cv  = 0.03 i s  75% l a r g e r  f o r  a  source l oca ted  a t  p '  = 0.10 than f o r  a  
source l oca ted  a t  p '  = 0.0. However, ve ry  1  i t t l e  change i n  t h e  m ix i ng  d i s tance  
occurs f o r  a  source l oca ted  a t  p '  = 0.80 r a t h e r  than a t  p '  = 1.00. 
Th i s  a n a l y t i c a l  e v a l u a t i o n  o f  t h e  e f f e c t  which a  s l i g h t  misplacement 
of a  c e n t e r l i n e  p o i n t  source would have on t h e  m ix i ng  d i s t a n c e  i s  an i n d i c a -  
t i o n  t h a t  t h e  m ix i ng  d i s tance  f o r  a  j e t  i s s u i n g  i n t o  t h e  p i p e  would a l s o  be 
r a t h e r  s e n s i t i v e  t o  t h e  concen t ra t i on  d i s t r i b u t i o n  immediate ly  downstream 
f rom t h e  i n i t i a l  m i x i ng  zone and t h e r e f o r e  t o  t h e  t ransverse  a1 ignment o f  t he  
j e t .  S e n s i t i v i t y  t e s t s  pe r  se were n o t  r u n  f o r  t h e  j e t - t y p e  i n j e c t i o n ,  b u t  
* 
d u r i n g  t h e  process of a t t emp t i ng  t o  f i n d  Mr f o r  a  v a r i e t y  o f  i n j e c t i o n  con- 
f i gu ra t i ons ,  i t  became apparent t h a t  t h e  m ix i ng  was s e n s i t i v e  t o  j e t  a l i g n -  
ment. Even w i t h  t h e  utmost a t t e n t i o n  g i v e n  t o  t h e  alignment, i t  was d i f f i c u l t  
t o  o b t a i n  a  concen t ra t i on  d i s t r i b u t i o n  which was symmetr ical  about the  v e r t i c a l  
d iameter.  Wi th  care, t h e  j e t  cou ld  be a l i gned  w e l l  enough so t h a t  t h e  s l i g h t  
asymmetry was n o t  e v i d e n t  i n  t h e  Cv vs Z graphs f o r  C > 0.03 f o r  t h e  s i n g l e  j e t  
v  - 
i n j e c t i o n s .  The d i s tance  which a  concen t ra t i on  d i s t r i b u t i o n  can d e v i a t e  from 
t h e  cen te r  be fo re  t h e  asymmetry e f f e c t  becomes s i g n i f i c a n t  cou ld  n o t  be de te r -  
mined accu ra te l y  w i t h o u t  measuring t h e  concen t ra t i on  d i s t r l  bu t l ops  i n  more de- 
t a i  1  than  was done f o r  t h i s  s tudy.  Never the less,  t h e  concen t ra t i on  d i  s t r i  bu- 
t i o n s  f o r  an optimum 90' s i n g l e  j e t  i n  t h e  p resen t  work were compared t o  t he  
d i s t r i b u t i o n s  o f  an optimum 90' s i n g l e  j e t  s l i g h t l y  o f f  cen te r  (Ger and Ho l ley ,  
1974) and i n d i c a t e d  t h a t  m iss ing  t h e  cen te r  o f  t h e  p i p e  car1 be c r i t i c a l  ( F i g .  
3.9).  The c l o s e s t  t h a t  t h e  peak concen t ra t i on  g o t  t o  t h e  c e n t e r l i n e  f o r  t h e  
90' j e t  s t ud ied  by Ger and H o l l e y  (1974) was r /D = 0.15 a t  Z/D = 4. Zm f o r  P  P  
C = 0.03 was 55% l a r g e r  f o r  Ger and H o l l e y ' s  optimum 90' s i n g l e  j e t  than f o r  
v  
a  s i m i l a r  i n j e c t i o n  i n  t h i s  s tudy.  
The d i scuss ion  thus f a r  has d e a l t  w i t h  i n j e c t i o n s  i n t o  an ambient 
f l o w  w i t h  e s s e n t i a l l y  no secondary c u r r e n t s  o r  s w i r l i n g  mot ion.  The symmetry 
which has been cons idered a c t u a l l y  r e q u i r e s  symmetry of bo th  t h e  f low and t h e  
i n j e c t i o n .  S ince secondary c u r r e n t s  e x i s t  i n  most p ipes,  t h e  f low may n o t  
be sylnmetrical w i t h  r espec t  t o  t h e  c e n t e r l i n e  and even a  h i g h  degree of 
accuracy i n  a l i g n i n g  t h e  j e t s  may n o t  produce t h e  symmetry necessary t o  
achieve t h e  same r a t e s  of m i x i ng  as measured i n  t h e  l a b o r a t o r y .  The p o s s i b l e  
i n f l u e n c e  of secondary c u r r e n t s  on t h e  m i x i n g  a re  cons idered f u r t h e r  i n  
Sec t ion  4.4 and i n  Chapter 5. 
4.4 TESTS WITH SECONDARY CURRENTS IN THE AMBIENT FLOW 
For  t h e  exper iments descr ibed  i n  t h e  two p rev ious  sec t ions ,  ca re  
was taken (Sec t i on  3.1 ) t o  m in im ize  secondary c u r r e n t s  i n  t h e  t e s t  reach. 
However, i n  a c t u a l  p i p e  l i n e s ,  t h e  presence o f  secondary c u r r e n t s  i s  common 
and cou ld  s i g n i f i c a n t l y  i n f l u e n c e  t h e  m ix i ng  process and t h e  m ix i ng  d i s tance .  
To i n v e s t i g a t e  t h i s  p o s s i b l e  i n f l u e n c e ,  a  s w i r l i n g  mot ion  was induced i n  t h e  
f low by p l a c i n g  a  three-b laded,  f i x e d  p r o p e l l e r  i n  t h e  p i p e  upstream of t h e  
p o i n t  o f  i n j e c t i o n  (Sec t i on  3.6) .  The r e s u l t i n g  secondary c u r r e n t  cons is ted  
of a  s i n g l e  c e l l  s w i r l  which was approx imate ly  symmetr ical  w i t h  r espec t  t o  
t h e  c e n t e r l i n e  ( F i g  3.11). 
S i n g l e  (Mr = 0.014) and dual  (Mr = 0.010) 90' j e t  i n j e c t i o n s  were 
used t o  compare t h e  m ix i ng  c h a r a c t e r i s t i c s  w i t h  and w i t h o u t  t h e  s w i r l ,  The 
semi- log graph o f  Cv vs z/D i s  presented i n  F ig .  4.14. Cv was n o t  p l o t t e d  P  
Longitudinal Distance In Diameters , z/DP 
F i g .  4.14 - Coefficdent o f  v a r i a t i o n  f o r  s i n g l e  and 
duel 90 j e t s  with induced s w i r l  
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aga ins t  Z because Eq. 2.7 i n d i c a t e s  t h a t  a t  a  g iven  cross s e c t i o n  and f o r  a  
g iven  p ipe  f l o w  v e l o c i t y ,  Z i s  p r o p o r t i o n a l  t o  ern The p r o p e l l e r  changed 
t h e  s t r u c t u r e  o f  t h e  p i p e  f low and thus may have changed er compared t o  t he  
prev ious t e s t s .  Experiments were n o t  conducted t o  f i n d  the  ac tua l  er; 
therefore, Z could n o t  be used t o  cha rac te r i ze  the  l o n g i t u d i n a l  d is tance.  
A comparison (F ig .  4.13) of t h e  s i n g l e  90' j e t  w i t h  and w i thou t  
the secondary c u r r e n t  shows t h a t  t h e  s w i r l i n g  mot ion caused t h e  l o g  Cv vs z/D 
P  
curve t o  break away from t h e  "symmetrical1' s lope sooner than f o r  t he  c o n d i t i o n  
w i t h  no s w t r l  . The concent ra t ion  d f s t r i b u t i o n s  (Appendix A) showed t h a t  t h e  
s w i r l  apparent ly  def lected the  j e t  toward t h e  s i d e  of t h e  p ipe  and thereby 
caused an asymmetrical d i  s t r i  bu t i on .  Thus, even though t h e  propel  1 e r  probably  
increased er ,  t he  asymmetry increased the  mix ing  d is tance.  
For  mu1 t i - c e l l  secondary cu r ren ts  ( f o r  example, Rouse, 1961 ) , a 
s i n g l e  j e t . c o u l d  s t i l l  be de f lec ted  f rom t h e  c e n t e r l i n e  and asymmetry could 
r e s u l t ,  depending on t h e  o r i e n t a t i o n  o f  t h e  j e t  r e l a t i v e  t o  t h e  c e l l s  of 
t h e  secondary cu r ren t .  
A comparison o f  t h e  C v  values f o r  two 90' j e t s  (Mr = 0.010) i s s u i n g  ' 
i n t o  a  f l o w  w i t h  and w i t h o u t  a  s i n g l e  c e l l  secondary c u r r e n t  ( F i g  4.14 ) 
i n d i c a t e d  t h a t  u n l i k e  t h e  s i n g l e  j e t  i n j e c t i o n  where t h e  secondary c u r r e n t  
increased the  m ix ing  d is tance,  t h e  s w i r l  decreased t h e  m ix ing  d is tance f o r  
t h i s  dual j e t  arrangement. There i s  t o o  l i t t l e  da ta  t o  o b t a i n  a  d e f i n i t e  
exp lanat ion  f o r  t h i s  observed decrease i n  m ix ing  d is tance,  b u t  t h e  explana- 
t i o n  migh t  be as fo l l ows :  With no secondary cur ren ts ,  t h e  two j e t s  approached 
each o the r  and t h e  two concent ra t ions  d i s t r i b u t i o n s  which r e s u l t e d  from the  
i n i t i a l  m ix ing  merged together  about t h e  c e n t e r l i n e  (see d iscuss ion  i n  
Sect ion 4.2.3). With t h e  s i n g l e  c e l l  s w i r l  i n  t h e  f low,  t h e  t o p  and bottom 
j e t s  were de f lec ted  i n  oppos i te  d i r e c t i o n s  so t h a t  they  d i d  n o t  merge a t  t h e  
cen te r  and t h e r e f o r e  produced a  g r e a t e r  amount of i n i t i a l  m ix ing ,  i .e. a  
more "spread o u t "  concen t ra t i on  d i s t r i b u t i o n  a t  t h e  end o f  t h e  i n i t i a l  m i x i ng  
zone. Th is  exp lana t i on  i s  n o t  i ncompa t i b l e  w i t h  two observed c h a r a c t e r i s t i c s ,  
The f i r s t  i s  t h a t  t h e  s l ope  of t h e  l o g  C vs, z/D curve  f o r  smal l  z/D i s  
v  P  P  
approx lmate ly  para1 l e l  t o  t h e  "symmetr ical  I' s lope.  Th i s  behavior  i n d i c a t e s  
t h a t  t h e  ambient m i x i ng  was t a k i n g  p l ace  a t  approx imate ly  t h e  same r a t e  
bo th  w i t h o u t  and w i t h  t h e  s w i r l  and t h e r e f o r e  t h a t  t h e  s h o r t e r  m i x i n g  d is tance  
must have been due p r i m a r i l y  t o  an inc rease  i n  i n i t i a l  m ix ing .  The second 
observed c h a r a c t e r i s t i c  r e l a t e s  t o  t h e  concen t ra t i on  d i s t r i b u t i o n s .  Wi th  
o n l y  13 po in t s ,  t h e  d e t a i l s  o f  t h e  d i s t r i b u t i o n s  can n o t  be d e f i n i t e l y  
es tab l i shed ,  b u t  t h e  a v a i l a b l e  va lues a r e  n o t  incompat ib le  w i t h  a  bimodal 
d i s t r i b u t i o n  hav ing maxirnurn concent ra t ions  a t  t h e  upper r i g h t  and lower  
l e f t  p a r t s  of t h e  p i p e  a t  z/D = 7  ( S t a t i o n  1 ) .  T h i s  t ype  o f  d i s t r i b u t i o n  P  
would i n d i c a t e  t h a t  t h e  two j e t s  were k e p t  separate by t h e  s w i r l .  
4.5 OTHER MULTIPLE-JET INJECTIONS 
4.5.1 Uniform Flow 
The r e s u l t s  f rom t h e  dual  90' j e t s  d i d  n o t  i n d i c a t e  a  s i g n i f i c a n t  
decrease i n  t h e  m ix i ng  d i s tance  as compared t o  t he  s i n g l e  90' j e t  f o r  un i form 
f l o w  ( F i g .  4.10). I t  was assumed t h a t  any decrease which cou ld  be ob ta ined  
by us ing  two j e t s  w i t h  a > 90' i n s t e a d  of one j e t  would be on t h e  same o rde r  
o f  magnitude as t h e  decrease f o r  a = 90'. Therefore,  dual  j e t  i n j e c t i o n s  
f o r  a > 90' d i d  n o t  seem j u s t i f i e d  f o r  un i f o rm  f l o w  cond i t i ons .  
H o l l e y  (1977) has shown f o r  e q u a l l y  spaced w a l l  sources t h a t  t h e r e  i s  
o n l y  a  smal l  r e d u c t i o n  i n  t h e  c a l c u l a t e d  m ix i ng  d i s t a n c e  (Z,) when us ing  
t h r e e  sources i n s t e a d  o f  two and t h a t  t h e r e  i s  no r e d u c t i o n  i n  Zm when 
u s i n g  f o u r  o r  more w a l l  sources i ns tead  of  th ree .  I n  v iew o f  these r e s u l t s ,  
and i n  v iew o f  t h e  f ac t s  t h a t  ( a )  t h e  optimum c o n d i t i o n  f o r  two j e t s  cor res -  
ponded t o  t he  concen t ra t i on  d i s t r i b u t i o n s '  merging a t  t h e  cen te r  of t h e  p i pe  
and (b )  t he  optimum two j e t  i n j e c t i o n  gave on l y  a  smal l  r educ t i on  i n  Zm 
compared t o  t h e  optimum s i n g l e  j e t  (F ig .  4.10), i t  appeared t h a t  t he re  would 
probably be o n l y  marginal f u r t h e r  reduc t i on  i n  Zm by us ing  t h r e e  o r  more 
j e t s .  
4.5.2 Flow With Secondary Currents 
Most n a t u r a l  p ipe  flows have secondary cu r ren ts  r a t h e r  than being 
t r u l y  uniform. Because of t h e  var ious  types o f  secondary f l ows  which can 
e x i s t ,  i t  i s  d i f f i c u l t  t o  genera l i ze  on poss ib le  i n t e r a c t i o n s  o f  j e t  i n j e c -  
ti ons and secondary cur ren ts ,  Meverthel ess , some secondary cu r ren ts  (Sect ion 
4.4) dest roy the  symmetry r e q u i r e d  t o  achieve t h e  r a t e s  o f  m ix ing  which 
ex i s ted  f o r  t h e  optimum cond i t i ons  w i t h  un i fo rm f l o w  (Sect ions 4.1 and 4.2). 
Thus, even though t h e  use o f  t h r e e  o r  f o u r  i n j e c t i o n s  g ives o n l y  smal l  
reduc t ions  i n  Zm compared t o  one o r  two i n j e c t i o n s  f o r  un i f o rm flow, F ig .  4.14 
shows t h a t  t h e  use o f  two i n j e c t i o n s  provides a  d e f i n i t e  advantage compared 
t o  one i n j e c t i o n  i n  a  p a r t i c u l a r  f l o w  w i t h  a  secondary c u r r e n t .  Thus, a t  
l e a s t  f o r  some flows, i t  might  be expected t h a t  t h e  use of two o r  more 
i n j e c t i o n s  would p rov ide  a  s o r t  o f  f a c t o r  o f  s a f e t y  aga ins t  poss ib le  e f f e c t s  
of secondary cu r ren ts  on Zm. However, t he re  i s  no t  enough data p resen t l y  
a v a i l a b l e  t o  q u a n t i f y  t h i s  poss ib le  e f f e c t .  
5. APPLICATIONS 
5.1 PUMP MIXING 
Th is  r e p o r t  has n o t  d e a l t  w i t h  t h e  use o f  pumps f o r  mixing; neverthe- 
l e s s  pump mix ing deserves some mention even though the re  i s  apparent ly  very 
l i t t l e  data on mix ing achieved i n  a pump. One study (Clayton, 1964) has 
shown t h a t  n e a r l y  complete mix ing  ( l e s s  than 2% v a r i a t i o n  i n  concent ra t ion)  
was obta ined i n  a mixed-f low pump w i t h  a 20- in .  d ischarge l i n e  and w i t h  a 
f low of 8.2 cfs.  The i n j e c t i o n  was made a t  t he  bel l -mouth suc t i on  p o r t  which 
was submerged i n  a sump. 
The e f f i c i ency  o f  pumps g ives  one i n d i c a t i o n  t h a t  pumps should serve 
as rapid-mix ing chambers. I f  a pump has an e f f i c i e n c y  o f  80%, then 80% 
o f  t h e  energy i n p u t  goes l n t o  producing the  f l o w  through t h e  pump and t h e  
p i p i n g  system w h i l e  20% i s  l o s t  i n  var ious  ways w i t h  t h e  pr imary p a r t  o f  t he  
l o s s  being i n  t he  generat ion o f  turbulence.  It i s  t h i s  turbulence t h a t  
produces the  mix ing  and t h e  f a c t  t h a t  a  s i g n i f i c a n t  p a r t  o f  t he  energy goes 
i n t o  turbulence i n d i c a t e s  t h a t  mix ing  should be r a p i d .  On the  o the r  hand, 
t u rb ines  gene ra l l y  have very  h igh  e f f i c i e n c i e s  so t h a t  t he re  i s  very l i t t l e  
turbulence, and the re fo re  very  l i t t l e  mix ing,  generated i n  a t u rb ine .  
I f  a pump i s  being considered f o r  mix ing,  t he  cons idera t ions  should 
i nc lude  poss lb le  v o l i t a l i z a t i o n  o f  t he  a d d i t i v e  due t o  low pressures i n  t h e  
pump and poss ib le  corrosion o f  metal  par ts ,  deterioration of seals, e t c .  due 
t o  t he  concentrat ions o f  t h e  addl t i v e  i n  t h e  pump. 
P I P E  M I X I N G  
If speed o f  mix ing  i s  n o t  impor tan t  and if s u f f i c i e n t  p ipe  l eng th  i s  
ava i l ab le ,  then a simple i n j e c t i o n  a t  o r  near t h e  p ipe  w a l l  may be a l l  t h a t  
i s  requi red.  F igs .  2.1 and 3.8 show t h a t  a d is tance corresponding t o  Z = 1.0 
w i l l  produce enough m ix ing  t o  g i v e  Cv = 0.01 when the re  i s  n e g l i g i b l e  dens i t y  
d i f f e r e n c e  between t h e  f l u i d  i n  t he  p ipe  and the  i n j e c t e d  f l u i d .  The 
corresponding maximum d e v i a t i o n  from t h e  average concent ra t ion  would be 1  ess 
than 2% (Hol ley,  1977). For a  f r i c t i o n  f a c t o r  of 0.02, Z of 1.0 cor res-  
ponds t o  147 p ipe  diameters (Eq. 2.8 w i t h  Set= 1 . 0 )  o r  f = 0.01 g ives  208 
I diameters f o r  Z = 1.0. 
I f  the re  i s  n o t  s u f f i c i e n t  p ipe  l eng th  t o  accomplish t h e  m ix ing  by 
ambient m ix ing  o r  if more r a p i d  m ix ing  i s  requ i red  f o r  chemical o r  b i o l o g i c a l  
reasons, then j e t  i n j e c t i o n s  cou ld  be considered. When i t  i s  des i rab le  t o  
use a  combination of i n i t i a l  m ix ing  due t o  t h e  i n j e c t i o n  and ambient m ix ing  
due t o  t h e  p ipe  f low,  the  s e l e c t i o n  o f  t h e  bes t  i n j e c t i o n  system f o r  promoting 
r a p i d  m ix ing  i n  a  spec i f i c  a p p l i c a t i o n  requ i res  cons ide ra t i on  of a t  l e a s t  
s i x  design f a c t o r s :  
1  ) requ i red  degree of u n i f o r m i t y  o r  requ i red  c o e f f i c i e n t  o f  v a r i a t i o n  
f o r  t he  a d d i t i v e ,  
2) t he  speed w i t h  which m ix ing  needs t o  be accomplished, 
3 )  p ipe  l eng th  a v a i l a b l e  f o r  mix ing,  
4) hyd rau l i cs  o f  t h e  p ipe  f low, i ,e, t he  f r i c t i o n  f a c t o r  and secondary 
c u r r e n t  pa t te rn ,  
5) a c c e s s i b i l i t y  o f  t h e  i n j e c t i o n  reg ion  and poss ib le  problems i n s t a l  l i n g  
and opera t ing  an i n j e c t i o n  system, and 
6) a v a i l a b i l i t y  of power f o r  t h e  i n j e c t i o n .  
I n  general  , t h e  requ i red  degree and speed o f  m ix ing  wi 11 depend on 
the  p a r t i c u l a r  a p p l i c a t i o n .  For example, when us ing  the  method of d i l u t i o n  
f o r  measuring d ischarge i n  a  p ipe,  i t  may be advantageous t o  measure the  
t r a c e r  a t  o n l y  one p o i n t  i n  t h e  p ipe  f l o w  a t  a  cross s e c t i o n  where Cv i s  
smal l ,  say l e s s  than 0.01. As Cv  decreases, one concent ra t ion  measurement 
ge ts  c l o s e r  t o  t h e  average concentrat ion,  b u t  t h e r e  i s  l i t t l e  t o  be gained 
by spec i fy ing  CV s i g n i f i c a n t l y  smal le r  than the  measurement accuracy. For 
o the r  app l i ca t i ons  such as adding d i s i n f e c t a n t s  t o  water suppl ies,  l a r g e r  
Cv  values may be acceptable. 
The p ipe  leng th  a v a i l a b l e  f o r  mix ing  must be determined. Some i n j e c -  
t i o n  conf  i g u r a t i o r ~ s  may be excluded frorn cons ide ra t i  on because the  f 1 ow 
d is tance requ i red  t o  reach the  spec i f i ed  Cv i s  longer  than t h e  a v a i l a b l e  p ipe  
length.  For  establ ished,  un i fo rm f lows w i t h  n e g l i g i b l e  secondary cur ren ts ,  
t he  r e s u l t s  i n  Sect ion 4.1 and 4.2 rrlay be used t o  es t imate  the  d is tance 
requ i red  t o  ob ta in  a c e r t a i n  degree o f  rnixing f o r  t he  optimum momentum r a t i o s  
f o r  i n j e c t i o n s  w i t h  one and two j e t s .  For  example, f o r  two j e t s  w i t h  Mr = 0.010, 
Cv = 0.10 would be achieved a t  Z 2 0.17 and Cv = 0.01 a t  Z = 0.33. For f = 
0.015, us ing  Eq. 2.8 w i t h  Sct = 1.0, Z = 0.17 corresponds t o  z/D = 29. P 
S i m i l a r l y ,  Z = 0.33 g ives  z/D = 56. For a 3 - f t  diameter p ipe  w i t h  a v e l o c i t y  P 
o f  5  f ps  and w i t h  1 - in .  diameter i n j e c t i o n  tubes w i t h  Mr = 0.010, the  i n j e c -  
t i o n  v e l o c i t y  and d ischarge f o r  each j e t  could be ca l cu la ted  from 
Q j = A jV j  = 0.098 c f s  
Power requirements a r e  considered i n  Sect ion 5.3. 
As mentioned i n  Sect ions 4.4 and 4.5, many f lows have s i g n i f i c a n t  
secondary cur ren ts  which can des t roy  t h e  symmetry t h a t  i s  necessary 
L 
t o  achieve t h e  optimum r a t e s  o f  m ix ing  discussed i n  Sect ions 4.1 and 
4.2. Some experimental  r e s u l t s  were obtained f o r  a f l o w  w i t h  a 
p a r t i c u l a r  type of secondary cu r ren t ,  b u t  t h a t  c u r r e n t  was a  r a t h e r  s t rong,  
s i n g l e  c e l l  s w i r l  and t h e  r e s u l t s  f o r  t h a t  case a re  n o t  necessa r i l y  i n d i c a t i v e  
o f  t h e  behavior i n  o the r  s i t u a t i o n s .  On the  bas is  of present  in format ion,  i n  
o rder  toachieve t h e  most r a p i d  poss ib le  m ix ing  w i t h  j e t  i n j e c t i o n s ,  i t  
would appear t o  be adv isab le  t o  use two o r  more j e t s  e q u a l l y  spaced around 
b 
t he  p ipe  per iphery,  w i t h  each j e t  having Mr of approx imate ly  0.010. The use 
of a d d i t i o n a l  j e t s  prov ides a  s o r t  o f  f a c t o r  of sa fe ty  aga ins t  t h e  unknown 
in f luences  o f  secondary cu r ren ts  which migh t  e x i s t  i n  t h e  f low.  S i m i l a r l y ,  
t he re  a re  some i n d i c a t i o n s  i n  t h e  r e s u l t s  presented i n  Sec t ion  4.2 f o r  two- 
j e t  i n j e c t i o n s  i n  f lows w i t h  no secondary cu r ren ts  t h a t  Mr = 0.006 may pro- 
duce almost as much e f fec t  on t h e  mix ing  d is tance as Mr = 0.010, 
b u t  us ing Mr = 0.010 a l s o  prov ides some f a c t o r  o f  sa fe t y .  As mentioned i n  
Sect ion 4.5, f o r  p ipe  f lows w i t h  n a t u r a l  secondary cur ren ts ,  t he re  i s  a  
s p a r s i t y  o f  da ta  on t h e  behavior o f  j e t  i n j e c t i o n s  and more research i s  needed 
on t h i s  t o p i c ,  
5.3 POWER REQUIREMENT 
The power requirement (P.)  f o r  supply ing t h e  k i n e t i c  energy t o  t h e  J 
j e t s  can be w r i t t e n  i n  dimensionless form as 
where Pp = power i n  k i n e t i c  energy of p ipe  f l o w  
Q = discharge 
V = v e l o c i t y  
D = diameter 
sub p  = p ipe  
sub j = j e t  
N = number of j e t s  
Eq. 5.4 shows t h a t  P. decreases as D increases f o r  a g iven  p ipe  f low and J j 
g iven Mr. See Fig.  5.1 f o r  P./P f o r  var ious  i n j e c t i o n  cond i t i ons .  J P 
Eq. 5.4 g ives  o n l y  t h e  power requ i red  f o r  t h e  v e l o c i t y  head of t he  j e t .  
A major a d d i t i o n a l  head requirement cou ld  come f rom t h e  need t o  pump the  j e t  
aga ins t  the  i n t e r n a l  pressure i n  h igh  pressure l i n e s .  However, t h i s  head 
requirement can be e l im ina ted  by a c losed system where the  f l u i d  f o r  the  j e t  
i n j e c t i o n  i s  ex t rac ted  from t h e  pipe. Then a srnall power, h igh  pressure pump 
could be used t o  i n j e c t  a  concentrated t r a c e r  ( a d d i t i v e )  i n t o  t h e  c losed 
systern, as shown i n  F ig .  5.2. The i n j e c t i o n  should be rnade i n  t he  by-pass 
l i n e  so as t o  assure complete mix ing  be fo re  the  j e t  en ters  t h e  main p ipe.  
Th i s  mix ing  cou ld  be accornpllshed by i n j e c t i n g  upstream o f  t he  pump, as 
i l l u s t r a t e d  i n  F ig .  5.2,or by p rov id ing  s u f f i c i e n t  l eng th  o f  t he  by-pass l i n e .  
F r i c t i o n  losses and pump e f f i c i ency  must a l s o  be inc luded i n  a c a l c u l a t i o n  of 
t o t a l  power requirement.  
To i l l u s t r a t e  t he  use of Eq. 5.4, assume t h a t  two j e t s  w i t h  1 i n .  d i -  
ameters a r e  t o  be used t o  o b t a i n  Mr = 0,010 i n  a 10 ft. diameter p ipe  w i t h  a 
f l o w  v e l o c i t y  of 5  fps. The value of P. would be 1690 f t - 1  b/sec o r  3.1 hp. J 
Pump e f f i c i e n t y  has n o t  been inc luded i n  these cons idera t ions .  Using D .  o f  J 




When i n j e c t i n g  a  m i s c i b l e  f l u i d  i n t o  a  f l o w  i n  a  p ipe,  t h e  use 
o f  j e t  i n j e c t i o n s  can speed t h e  m ix i ng  r e l a t i v e  t o  t h a t  which would t a k e  
p l ace  j u s t  due t o  t h e  ambient f low. The j e t s  can be a t  t h e  p i p e  w a l l  and 
t h e r e f o r e  do n o t  r e q u i r e  t h a t  any appurtenances o r  dev ices be p laced  i n s i d e  
t h e  p ipe.  
I n  t h i s  study, 1  abo ra to r y  exper iments were conducted t o  i n v e s t i g a t e  
t h e  e f f ec t i veness  of j e t - i nduced  m i x i n g  i n  p i pe  f lows.  The c o e f f i c i e n t  o f  
v a r i a t i o n  (Cv) o f  t h e  concen t ra t i on  d i s t r i b u t i o n  was used as a  measure o f  
t h e  degree o f  m i x i n g  a t  a  g i ven  c ross  sec t i on .  The d imension less m ix i ng  
d i s t a n c e  (Z,) was de f i ned  as t h e  f l o w  d i s t a n c e  r e q u i r e d  t o  o b t a i n  Cv = 0.03. 
Increases i n  t h e  e f f e c t i v e n e s s  o f  t h e  j e t  m i x i n g  produced decreases i n  Zm 
and v ice-versa.  As i n  p rev ious  s tud ies ,  t h i s  work a l s o  found, f o r  un i form 
p i p e  f l o w  w i t h  a  g i v e n  number and o r i e n t a t i o n  o f  j e t s ,  t h a t  t h e  r a t i o  
(Mr) o f  t h e  j e t  momentum f l u x  t o  t h e  p i p e - f l o w  momentum f l u x  i s  t h e  parameter 
which i s  i n d i c a t i v e  o f  t h e  m i x i n g  induced by t h e  j e t s .  For a  s i n g l e  j e t  
o r i e n t e d  a t  va r i ous  angles t o  t h e  ambient f l ow,  t h e  moment r a t i o s  f o r  
optimum m ix i ng  and t h e  corresponding m i x i n g  d i s tances  a r e  g i v e n  i n  Table 4.1. 
I nc reas ing  t h e  angle o f  i n j e c t i o n  f rom 90' ( c ross  f l o w )  t o  150' (a lmost  
coun te r f l ow )  decreased t h e  optimum Zm by 35% b u t  a t  t h e  c o s t  o f  a  l a r g e  
inc rease  i n  t h e  molr~entum r a t i o  and i n  t h e  power requi rement .  Under many 
circumstances, i t  m igh t  n o t  be p r a c t i c a l  t o  cons ider  any ang le  o f  i r ~ j e c t i o n  
o the r  than  90'. 
Experiments were a l s o  conducted w i t h  two d i a m e t r i c a l l y  opposed 90' 
j e t s  i n  u n i f o r m  f l o w .  Optimum m i x i n g  was ob ta ined  w i t h  t h e  momentum r a t i o  
f o r  each j e t  be ing  on t h e  o r d e r  o f  one-ha l f  o f  t h e  optimum rnomenturn r a t i o  
f o r  a  s i n g l e  j e t  i n j e c t i o n .  Thus, even though t h e  use o f  two j e t s  d i d  
n o t  produce a  s i g n i f i c a n t  decrease i n  t he  m ix ing  d i s tance  compared t o  a  
s i n g l e  j e t ,  t h e  two j e t s  would r e q u i r e  l e s s  t o t a l  power than a  s i n g l e  
j e t .  Furthermore, 1  im i ted  experiments i n  a  p ipe  f low w i t h  an induced 
secondary cu r ren t ,  i nd i ca ted  t h a t  t h e  use of two o r  more j e t s  f o r  t he  
i n j e c t i o n  would p rov ide  a  s o r t  o f  f a c t o r  of safety  aga ins t  t h e  e f f e c t s  
which unknown secondary cu r ren ts  could have on t h e  j e t s  and on the  mix ing  
process. 
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Run A1 S ina le  Wall Source (22 May 1978) Rp = 32,500 Mr = 0.00038 
Cross 
Sect ion 'v 1 2 3 4 5 6 7 8 9 10 11 12 13 
I 
Run A2 S ing le  Wall Source (29 May 1978) R p  = 37.300 Hr = 0.00038 
Run B1 S ing le  90' j e t  (13 June 1978) Rp = 35,300 Mr = 0.0138 
Cross 
Sect ion 'v 1 2 3 4 5 6 7 8 9 10 11 12 13 
Cross 
Sect ion 'v 1 2 3 4 5 6 7 8 9 10 11 12 13 
Run 82 S ing le  90' j e t  (18 October 1978) Rp = 31,500 Mr = 0.0151 
Cross 




Run 83 S ing le  90' j e t  (27 October 1978) R = 32,8000 Mr = 0.0140 
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Run C1 S ing le  120' Je t  (October 9 1978) RD = 37,500 Hr = 0.0188 
Cross 
Sect ion 'v 1 2 3 4 5 6 7 8 9 10 11 12 13 




Run C2 S ing le  120' J e t  (13 September 1978) R p  = 36,100 M,. = 0.0193 
Cross 
Sect ion 'v 1 2 3 4 5 6 7 8 9 10 11 12 13 
1.473 
1.313 
Run C3 S ina le  120' J e t  (15 September 1978) R = 35,100 M, = 0.0216 
P 
Cross 








Run F1 Two 90' J e t s  ( 6  February 1979) R p  = 36,800 Mr 0.0040 Run F6 Two 90' Je ts  (20 February 1979) R = 31,000 Mr = 0.0060 P 
Cross 
Sec t i on  'v 1 2 3 4 5 6 7 8 9 10 
Cross 
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Run F3 Two 90' J e t s  (73 February 1979 R = 38,300 Mr = 0.0035 P 
Cross 
Sect ion 'v 1 2 






Run F8 Two 90' Je ts  (6  March 1979) Rp = 27,500 Mr = 0.0100 
Run G1 Induced Swirl ,  S ing le  30' J e t 0 3  A p r i l  1979) R P = 31,300 Mr = 0.0140 
Cross 
Sect ion 'v 1 2 3 4 5 6 7 8 9 10 11 12 13 

